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1.  Introduction  
 
 
The search for new materials with outstanding chemical and physical properties is an ongoing 
quest in solid-state and materials science. With the isolation of graphene, a “flat monolayer of 
carbon atoms tightly packed into a two-dimensional (2D) honeycomb lattice” (Figure 1), 
Geim and Novoselov opened the gate to the prospering field of 2D materials and were 
therefore awarded with the nobel prize in physics in 2010.[1,2] Theoretical calculations of 
Landau and Peierls[3,4] considering 
strictly 2D materials thermodynami-
cally unstable were thus disproved. 
However, this was not the first 
appearance of a 2D material. Already 
in 1962 Boehm et al. reported on very 
thin carbon foils with partial 
thicknesses of only 3 – 6 Å, pointing 
out to the formation of carbon monolayers.[5] In the meantime, several papers on graphene 
synthesis, properties and possible applications appear every day, being reviewed frequently.[6]  
 
Nowadays, graphene is sometimes reckoned to be the new wonder material. Although being 
ultrathin, a tensile strength of 130 GPa, a breaking strength of 40 N m-1 and a Young’s 
modulus of about 1 TPa[7] render graphene the strongest material ever measured, hundredfold 
stronger than steel.  Moreover, its thermal conductivity reaches record values of around 
5000 W m-1 K-1, thus significantly exceeding metals like copper, silver or gold.[8] The 
electronic properties of graphene are unique as well, with its charge carriers mimicking 
massless Dirac fermions showing very high intrinsic mobilities and the integer quantum Hall 
effect at room temperature.[9] A plethora of possible applications for graphene was discussed 
so far, sometimes praising this 2D material to be the new silicon. However, the lack of a 
Figure 1. Graphen, a flat monolayer of carbon atoms packed 
into a 2D honeycomb lattice.  
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bandgap hinders graphene’s use as semiconductor transistor and adds weight to a more 
“analogue” field of applications such as ultrahigh-frequency devices.[10]  
 
In the meantime, graphene has turned out to be only the tip of the 2D materials iceberg. Based 
on the methodology developed for graphene, a multitude of monolayered metal oxides, 
hydroxides and chalcogenides has been prepared, showing interesting distinct properties 
(mostly optoelectronical) compared to the bulk.[11] Further investigations concentrate on the 
modification of graphene’s properties by functionalization and doping[12-15] or the fabrication 
of nanocomposites by sandwich-like stacking of the monolayers.[16,17]  
 
Compounds very similar to graphite, the “mother compound” of graphene, and therefore 
promising candidates for the formation of 2D materials with outstanding properties are 
graphite-like carbon nitride materials. First steps towards carbon nitride monolayers were 
conducted recently by Müllen and Antonietti, who prepared graphene-based carbon nitride 
nanocomposites by a nanocasting technology.[18,19] By the use of graphene as template the low 
electrical conductivity of pure CN compounds (<10-2 S cm-1)[20] could be overcome, yielding 
low-cost high-perfomance materials with long-term durability and high electrocatalytic 
activity for oxygen reduction reactions and the selective oxidation of saturated hydrocarbons. 
The features of these graphene-CN nanocomposites were proven to be superior to those 
observed for pure CN compounds whose revival inspired scientists during the last few years. 
Especially Antonietti et al. investigated intensively the properties and applicability of 
amorphous graphite-like carbon nitride compounds (often called “g-C3N4”) which is mainly 
based on their electronic structure, classifying them as semiconductors with a bandgap of 
~2.7 eV.[21,22] Accordingly, absorption occurs in the visible region (>420 nm, cf. diffuse 
reflectance spectra provided in [23]), rendering graphite-like 
carbon nitrides efficient photocatalysts, e.g. for hydrogen 
production by reduction of water. Theoretical calculations 
predicted these experimental results as the reduction level for 
H+ is well located in the middle of the above mentioned 
bandgap, therefore proving the reduction process to be 
energetically possible.[23-25] Furthermore, DFT calculations 
revealed the HOMO of melem (2,5,8-triamino-tri-s-triazine, 
 
Scheme 1: Melem, a tri-s-
triazine-based precursor to 
polymeric carbon nitride 
networks.  
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Scheme 1, which was used as a model system for tri-s-triazine based polymeric carbon nitride 
networks) to consist exclusively of an antiphase combination of the pz orbitals of the nitrogen 
atoms and therefore matching the symmetry of the highest unoccupied π type orbital in the 
Hückel model of benzene.[21] This theoretical principle of “organic” activation of the benzene 
ring by transferring electron density from “g-C3N4” was corroborated by experimental result, 
proving “g-C3N4” to be a metal-free catalyst for Friedel-Crafts-reactions.[26] The catalytic 
abilities of graphite-like carbon nitride materials were additionally demonstrated for the 
cyclization of nitriles and alkynes,[27] the activation of CO2,[28] the selective oxidation of 
methane to methanol[29] and the aerobic oxidative coupling of amines.[30]  
With the focus based on properties and possible applications of graphite-type networks, 
carbon nitride materials experience a third period of prosperity. Nearly quarter of a century 
ago, the pioneering work of Liu and Cohen evoked the “harder than diamond” fever, 
predicting compressibility comparable to diamond for still hypothetical binary sp3-hybridized 
carbon nitride C3N4.[31] Adopting β-Si3N4 structure, β-C3N4 was calculated to have a bulk 
modulus (which describes a substance’s resistance to uniform compression and is inversely 
proportional to both interatomic distances and ionicity) higher than diamond.[32] Nevertheless, 
not only compression but also shearing strains have to be taken into account for the hardness 
of solids, thus suggesting a slightly lower hardness for β-C3N4 in comparison with 
diamond.[33] A multitude of 
further modifications for sp3-
hybridized C3N4 was predicted 
to be stable, among these α-
C3N4 (hexagonal), pseudocubic 
C3N4 (defect ZnS-type) and 
cubic C3N4 (Willemite-II-
type).[33] However, not only 
theoretical work but especially 
numerous attempts to 
synthesize sp3-C3N4 were 
published, including mostly physicochemical methods like  CVD- and PVD processes, laser 
techniques and sputter processes.[33-35]  Another approach is derived from DFT-calculations, 
predicting the conversion of theoretically more stable layered graphitic C3N4 into sp3-C3N4 to 
 
Scheme 2: Orthorhombic (top) and hexagonal (bottom) models of g-
C3N4, based on s-triazine (C3N3) and tri-s-triazine (C6N7) units.  
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be viable at high pressure conditions (≤75 GPa).[36,37] Henceforth, reams of groups intensified 
their efforts to find feasible synthetic pathways to g-C3N4. By introducing nitrogen atoms as 
well as ordered carbon vacancies in indefinite graphite layers, models with orthorhombic and 
hexagonal symmetry were derived, consisting of s-triazine (C3N3) or tri-s-triazine (C6N7, also 
called s-heptazine) building units (Scheme 2).[36,38-42] A multitude of the attempts to 
synthesize g-C3N4 therefore emanates from precursors containing these building units such as 
melamine (2,4,6-triamino-s-triazine, C3N3(NH2)3) or cyanuric chloride (2,4,6-trichloro-s-
triazine, C3N3Cl3).[43,44]  The synthetic pathways to g-C3N4 include predominantly solid-state 
reactions at ambient and high pressure. For instance, cyanuric chloride was reacted with 
melamine, lithium- and sodium azide and several cyanamides to enforce condensation driven 
by the formation of stable or volatile by-products like LiCl or HCl.[45-51] Further investigations 
concentrated on the thermal decomposition of triazido-s-triazine and -heptazine.[52-54] 
However, despite these 
efforts the synthesis of g-
C3N4 cannot unambiguously 
be considered to be 
successful so far as all 
attempts were spoiled by the 
presence of hydrogen in the 
products, a wrong atomic 
ratio C:N or low crystallinity, 
respectively. Many of the products seem to be a “melon-type” material, referring to a C/N/H-
polymer which was first synthesized by Berzelius and given the arbitrary name “melon” by 
Liebig.[55,56] This amorphous yellow compound was early known to be the final 
deammonation product of a series of formerly so called “ammonocarbonic acids” 
(x C3N4 · y NH3) (cf. Table 1). A closer look to these compounds whose empirical formulas 
match those of ammonia adducts of C3N4, and the underlying concept, formally related to the 
system carbonic acid / water, provides a deeper insight into the thermal condensation process 
of these molecules and polymers (Scheme 3). These compounds, especially the smaller 
molecules like cyanamide, dicyanamides and melamine (derivates) are handled as suitable 
precursors for the synthesis of graphitic carbon nitride networks due to their pre-organized 
   
Table 1. Several “ammonocarbonic acids” x C3N4 · y NH3.  
“ammonocarbonic acid” formula x C3N4 · y NH3 
guanidine HN=C(NH2)2 1 C3N4 · 5 NH3 
cyanamide H2NCN 1 C3N4 · 2 NH3 
dicyandiamide (H2N)2C=NCN 1 C3N4 · 2 NH3 
melamine C3N3(NH2)3 1  C3N4 · 2 NH3 
2melamine·melem 2C3N3(NH2)3· C6N7(NH2)3 1  C3N4 · 1⅔ NH3 
melam [C3N3(NH2)2]2(NH) 1  C3N4 · 1.5 NH3 
melamine·melem C3N3(NH2)3· C6N7(NH2)3 1  C3N4 · 1.5 NH3 
melem C6N7(NH2)3 1  C3N4 · 1 NH3 
melon [C6N7(NH)(NH2)]n 1  C3N4 · 0.5 NH3 
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 C/N/H motifs and 
their easy accessibili-
ty.[57-61] Owing to per-
sistent research ef-
forts, a multitude of 
intermediates between 
the two still hypothe-
tical compounds with 
the highest and lowest 
possible degree of am-
monation (tetraamino 
carbon C(NH2)4 (= 1 
C3N4· 8 NH3) and 
C3N4) has been syn-
thesized and characte-
rized over the last few 
years. Investigations 
on the thermal be-
havior of these carbon 
nitride precursors re-
vealed the existence 
of two thermo-
dynamic “drains”, 
namely melem and 
melamine.[57] With the 
s-triazine ring of the latter being highly stable at elevated temperatures, the thermal treatment 
of most non-cyclic carbon nitride precursors (cyanamide, dicyandiamide, several non-metal 
dicyanamides) leads to the formation of melamine by cyclization, before s-heptazine-based 
melem is formed at even higher temperatures.[61,62] Just recently, the elucidation of three 
melamine-melem adduct phases with the molar ratio melamine : melem = 2:1, 1:1 and 1:3 
shed new light on the condensation processes between these two drains, favoring the thesis of 
 
Scheme 3. The formal concept of the formerly so called “ammonocarbonic 
acids”, undergoing cyclization and deammonation processes when exposed to 
thermal treatment. The two thermodynamic drains of this process (melamine and 
melem) are highlighted in gray.  
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melam being a highly 
reactive short-lived 
intermediate in this 
process accessible 
during condensation 
only by applying 
special reaction condi-
tions.[63,64]  
 
The final deammo-
nation product of the 
thermal condensation process is the above mentioned melon, a 1D polymer consisting of 
heptazine-based zigzag strands (Figure 2, left).[65] Although being a hydrogen-rich defect 
variant of binary carbon nitride, this compound is often mixed up with still not experimentally 
accessible graphitic C3N4 in literature for understandable reasons: the lack of a sharply 
defined composition and its low crystallinity. Numerous triazine- and heptazine-based models 
have been discussed for melon until its structure was solved by a complementary approach 
using solid-state NMR spectroscopy and 
electron diffraction in 2007.[65-70] The latter 
method also revealed the existence of a 
second polymeric network found as side-
product in the melon-synthesis when pyro-
lizing melamine under autogenous pressure 
of ammonia. With its “holey” heptazine-ba-
sed 2D network structure containing embed-
ded melamine molecules (Figure 2, right), poly(heptazine imide) (PHI) states an intermediate 
condensation stage halfway between melon and theoretically predicted s-heptazine based g-
C3N4.[36,38-42,71] These two polymers are therefore joining the short queue of crystalline carbon 
nitride (imide) networks which is complemented by only two further compounds so far, both 
being synthesized by high-pressure methods. Carbon nitride imide C2N2(NH) – synthesized 
by high-pressure-high-temperature (HP-HT) treatment of dicyandiamide in a laser-heated 
diamond-anvil cell - represents the first crystalline 3D carbon nitride (imide) network 
 
Figure 2. Crystal structure of the 1D polymer melon (left) and the 2D polymer 
poly(heptazine imide) (right). Carbon and hydrogen atoms are depicted in dark 
gray, nitrogen atoms in light gray.  
 
Figure 3. Crystal structure of C2N2(NH), adopting the 
defect wurtzite-type. Carbon and hydrogen atoms are 
depicted in dark gray, nitrogen atoms in light gray. 
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described so far and adopts a defect wurtzite-type structure (Figure 3).[72] The first triazine-
based graphitic carbon nitride type network, namely C6N9H3·HCl, was presented by McMillan 
et al., reacting melamine and cyanuric chloride in a piston cylinder apparatus.[46,73]   
 
Innumerable attempts to synthesize graphite-like carbon nitride materials have clearly shown 
that the crucial factor to achieve crystallinity is a careful choice of the reaction conditions, 
especially temperature and pressure.[74] Solid-state reactions in open systems yielded mostly 
ill-defined amorphous products due to the tendency of melamine to sublimate above 300 °C, 
thus hindering reversible gas-phase reactions which are necessary for the formation of 
crystalline products. Single crystals of the higher condensed precursors melem and the 
melamine-melem adduct phases were accordingly synthesized in sealed ampoules under 
autogenous ammonia pressure, as well as well-defined samples of melon and PHI.[63,65,71,75] 
The low solubility of most carbon nitride precursors in common organic solvents spoiled the 
growth of single crystals by recrystallization processes in solution and hampered mechanistic 
investigations. However, despite the predominance of mechanistic investigations commonly 
carried out in solution true to Aristotele’s principle “Corpora non agunt, nisi fluida seu 
soluta” (compounds that are not fluid or dissolved do not react), the detailed knowledge about 
intermediates and preferred reaction pathways in solid-state carbon nitride chemistry already 
yielded valuable findings for a targeted synthetic approach.[63]  
 
In the case of graphitic carbon nitride network synthesis, kinetic problems such as too fast and 
irreversible condensation processes and the immobility of the condensation intermediates 
inhibit complete reactions and yield amorphous, nonstoichiometric products. The usage of 
solvents could overcome these problems; however, the temperature range of the condensation 
processes exceeds the liquid range of conventional solvents by far. One way to enable higher 
temperatures for solvent-based reactions is the use of autoclaves, leading to solvothermal 
conditions. Up to now, only a few examples of solvothermal processes are known in the field 
of carbon nitride materials. Li et al. reported on the synthesis of self-assembled 1D carbon 
nitride nanostructures by reacting cyanuric chloride in cyclohexane at 230 – 290 °C.[76] 
Benzene was used as solvent for the reaction of cyanuric chloride with Li3N / Na3N in a 
temperature range of 200 – 500 °C.[77-80]  
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This thesis is providing first insights into carbon nitride high-temperature chemistry in 
solution, a field that has been investigated only scarcely so far. The behavior of potential 
carbon nitride precursors in inorganic solvents like ammonia, water and salt melts is studied 
and new molecular and polymeric compounds are thoroughly characterized by a multitude of 
analytical methods. Several aspects are explored to enlarge the basic knowledge about 
graphitic carbon nitride materials: 
 
• condensation processes: the above mentioned thermally induced formation of melem 
from melamine still lacks a mechanism for the condensation process and the role of 
the highly reactive intermediate melam. Chapter 3 is devoted to this issue, presenting 
closer insights into the formation of melam under elevated ammonia pressure and to 
its reactivity in supercritical fluids. 
 
• solvent-effects on the structure: the structure of a new carbon nitride imide network 
(poly(triazine imide) with LiCl intercalation, short PTI/LiCl), synthesized at high-
temperature conditions stirs up the discussion about the (thermal) stability of triazine 
and heptazine building blocks anew. The structural characterization of this network is 
presented in the first part of Chapter 4.  
 
• photocatalysis and electronic properties: with regards to the possible applicability 
of carbon nitride networks as heterogeneous metal-free photocatalysts,[23] the 
performance of triazine based carbon nitride networks as catalysts for visible-light 
driven hydrogen production is examined. The electronic structure and the band gap of 
PTI/LiCl serving as model compound for this class is further investigated in the 
second part of Chapter 4.  
 
• chemical doping: recently discovered effects of chemical doping on the properties of 
amorphous carbon nitride networks[81-85] raised the question for structure-property-
effects. To enable the synthesis of crystalline CNP networks, new phosphorus-
containing cyanurate-related precursors were investigated. Details on structure and 
thermal treatment are summarized in Chapter 5. 
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2.  Summary 
 
This thesis deals with investigations on the high-temperature treatment of carbon nitride 
precursors in various inorganic solvents. Particular attention was paid to the exploratory 
development of successful synthesis routes for the preparation of new graphite-like carbon 
nitride materials with improved crystallinity. Different molecular and polymeric s-triazine-
based compounds have been synthesized by ammonothermal and hydrothermal treatment as 
well as by the utilization of salt melts. Furthermore, physical properties such as the bandgap 
and photocatalytical activity towards water splitting have been examined for individual 
compounds. A brief summary of the aspects discussed in this work is given below. 
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2.1 Melam, melam hydrate and a melam-melem adduct phase 
 
(Chapter 3, published in Chem. Eur. J. 2013, 19, 2041-2049) 
Fast condensation processes are well known issues in carbon nitride chemistry, thus 
hampering the isolation of stable intermediates except a few ones like melamine and melem. 
In chapter 3, a novel approach for the elucidation of these processes is introduced, applying 
ammonothermal and hydrothermal conditions to carbon nitride precursors. According to Le 
Chatelier’s principle, the cleavage of ammonia is 
antagonized by elevated ammonia pressure, 
therefore slowing down condensation processes 
and enabling insights in the gradual 
transformation of melam to melem. By 
ammonothermal treatment of dicyandiamide in 
an autoclave (450 °C, 0.2 MPa NH3, Figure 1) 
bulk melam, an s-triazine-based dimer, was 
synthesized in large yields for the first time. 
Longer treatment of dicyandiamide (9-10 days) 
at the same conditions allowed for the isolation 
of the first melam-melem adduct which was 
characterized by means of IR and solid-state NMR spectroscopy.  
Whereas condensation reactions were observed at ammonothermal conditions, the 
hydrothermal treatment of melam (300 °C) led to the formation of single crystals of melam 
hydrate [C3N3(NH2)2]2 · 2 H2O (P21/c, a = 676.84(2), b = 1220.28(4), c = 1394.24(4) pm, β = 
98.372(2)°,  V = 1139.28(6)·106 pm3,  Z = 4), a compound which was so far only known as 
polycrystalline multiphased precursor for the synthesis of melamium salts in solution. Melam 
hydrate crystallizes in a layered structure composed of nearly planar melam molecules. The 
voids in the resulting ellipsoidal rosette-like motifs are filled with four water molecules which 
are removable by thermal treatment, accompanied by the rearrangement of the layered melam 
molecules to the screw-like formation of anhydrous melam.   
 
Figure 1. Autoclave for ammonothermal and 
hydrothermal reactions.  
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2.2 Poly(triazine imide) with LiCl intercalation 
 
Formation and structure of poly(triazine imide) with LiCl intercalation 
(Chapter 4, published in Chem. Eur. J. 2011, 17, 3213 – 3221) 
 
The first part of Chapter 4 presents the first structure solution of a carbon nitride network by 
means of powder X-ray diffraction methods in combination with electron diffraction and 
solid-state NMR spectroscopy. Poly(triazine imide) was synthesized by heating intimate 
mixtures of dicyandiamide and an eutectic mixture of lithium chloride and potassium chloride 
in sealed silica glass ampoules at 600 °C. Structural information was provided by elaborated 
1D and 2D solid-state NMR 
spectroscopy investigations as well 
as FTIR spectroscopy and high-
resolution TEM measurements. The 
high crystallinity of PTI/LiCl which 
is probably owed to the intercalation 
of Li+ and Cl- ions, allowed for a 
structure solution and refinement 
from both powder X-ray and electron 
diffraction patterns by using direct 
methods (P63cm, a = 846.82(10), c = 
675.02(9) pm, V = 419.21(9) 
106 pm3). As the name implies, the 2D network PTI/LiCl is built up from imide-bridged 
triazine units forming nearly planar layers with large hexagonal voids (Figure 2). By layer 
stacking, these voids are enlarged to channels running parallel to [001], containing Li+ and Cl- 
ions. Partial substitution of the H-atoms of the imide units by Li (proven by 15N direct 
excitation NMR measurements) introduces Li/H disorder in the channels which results in the 
formula [(C3N3)2(NHxLi1-x)3·LiCl], rendering PTI/LiCl an interesting candidate for further 
theoretical calculations.  
  
 
Figure 2. Parallel projection of the 2D structure of PTI/Li+Cl-, 
formed by ABA-stacked layers. The voids in the layers are 
enlarged to channels running along the c axis, filled with Li+Cl- 
ions.  
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Properties and possible applications of poly(triazine imide) with LiCl intercalation 
(Chapter 4, published in a) J. Phys. Chem. C 2013, 117, 8806−8812; b) Angew. Chem. 2013, 
125, 2495-2499; Angew. Chem. Int. Ed. 2013, 52, 2435-2439) 
The second part of Chapter 4 deals with the determination of the band structure and band gap 
of PTI/LiCl. XES/XANES and VEELS measurements are presented (probing the partial and 
the total densitiy of states), which yielded both a band gap of 2.2 eV, rendering PTI/LiCl an 
organic semiconductor. Several further samples with varying LiCl contenct (reduced from 
PTI/LiCl by soxhlet extraction with water) were examined as well, proving the band gap to be 
tunable in the region of 2.2 to 2.9 eV by gradually reducing the LiCl content to zero. For a 
deeper understanding, DFT calculations were performed using the WIEN2k code. Structure 
optimization processes were carried out to determine the most stable configuration for the 
structure of PTI/LiCl (especially regarding the H/Li substitution at the bridging imide units 
and the resulting disorder) for the simulation of the X-ray emission and absorption spectra. 
The band gap was shown to be based on N 2p  N/C 2p transitions, which are influenced - 
according to the variability of the band gap considering the LiCl content - by hybridization of 
the N 2p and Cl 2p states as well as by the charge density of the hydrogen-stripped imide sites 
below the top of the valence band. 
The activity of PTI/LiCl as photocatalyst towards 
hydrogen evolution from water is described in the 
third part of Chapter 4. Crystalline PTI/LiCl and 
several further amorphous and carbon-doped 
derivates were compared to heptazine-based 
melon-type carbon nitrides which were so far the 
most promising representatives of this class of 
metal-free organic semiconductors. Whereas the 
performance of crystalline and amorphous 
PTI/LiCl towards water splitting is in the range of 
melon, carbon-doped samples synthesized by 
ionothermal copolymerization of dicyandiamide 
with 4-amino-2,6-dihydroypyrimidine (4AP) 
ruled out the others by a more than 5-fold increased photoactivity towards hydrogen evolution 
Figure 3. Comparison of melon with several 
PTI/LiCl derivates regarding the photoactivity 
towards hydrogen production from water.  
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(Figure 3) and proved the influence of the controlled introduction of defects and the level of 
structural definition.   
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2.3 Phosphorus-doped carbon nitride precursors 
 
Carbon-doped graphite-type carbon nitride networks have proven to be promising candidates 
towards photocatalytical water splitting. With regards to the synthesis of phosphorus-doped 
carbon nitride networks, several phosphorus containing carbon nitride precursors have been 
synthesized and comprehensively characterized. 
Alkaline and alkaline earth biuretooxophosphates 
 (Chapter 5, published in a) Eur. J. Inorg. Chem. 2012, 1840-1847; b) Z. Anorg. Allg. Chem. 
2012, 638, 920-924) 
Biuretooxophosphates state a class of compounds closely related to cyanurates with one 
carbon atom of the s-triazine ring exchanged by phosphorus. Therefore they seem to be 
capable precursors for the synthesis 
of carbon nitride networks with a 
defined molar ratio C:N:P. A series 
of alkaline biuretooxophosphates 
M[PO2(NH)3(CO)2]·xH2O (M = Li, 
K, Rb, and Cs; x = 1, 0, 0.5, 0) and 
alkaline earth biuretooxophosphates 
M[PO2(NH)3(CO)2]2 (M = Ca) has been prepared by controlled hydrolysis of 1,1,3,5-
tetrachloro-1-phospha-2,4,6-s-triazine (M = K, Rb, Cs) (Scheme 1) and by ion-exchange 
reaction (M = Li, 
Ca). The crystal 
structures of these 
salts have been 
solved and refined 
by single-crystal 
diffraction data 
(crystallographic 
details can be 
Table 1. Crystallographic details of the structure refinement for the alkali 
biuretooxophosphates  M[PO2(NH)3(CO)2]·xH2O (M = Li, K, Rb, and Cs; x = 1, 0, 
0.5, 0) and the alkaline earth biuretooxophosphate Ca[PO2(NH)3(CO)2]2. 
cation Li
 
K Rb Cs Ca 
space group P21/c P21/c Cc P21/c P21/c 
a [pm] 721.76(14) 585.42(12
) 
926.55(19) 679.16(14) 1010.8(2) 
b [pm] 683.90(14) 1756.6(4) 3255.3(7) 1486.5(3) 527.45(1
1) c [pm] 1551.5(4) 691.70(14
) 
670.34(13) 745.37(15) 375.3(5) 
β [°] 117.53(2) 109.65(3) 132.07(3) 93.08(3) 122.38(2) 
V [106 pm3] 679.1(3) 669.9(2) 1500.9(9) 751.4(3) 619.2(3) 
Z 4 4 8 4 2 
 
 
Scheme 1. Preparation of alkali biuretooxophosphates by the 
controlled hydrolysis of 1,1,3,5-tetrachloro-1-phospha-2,4,6-s-
triazine. 
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found in Table 1) and compared to the structures of the sodium and the ammonium salt 
known from literature. With the phosphorus atom maintaining its preferred (distorted) tetrahe-
dral coordination, the biuretooxophosphate anions show slight deviations from a planar 
arrangement of the ring, thus exhibiting weakly pronounced twist, chair and half-chair 
conformations. The relative orientation of the rings changes with increasing cation size as 
well as the connectivity of the coordination polyhedra. Photoluminescence measurements of 
the colorless salts showed absorption and emission to occur in the UV region, thus being 
similar to s-triazine and tri-s-triazine derivates. Decomposition of the biuretooxophosphates - 
examined by combined DTA/TG studies and temperature-dependent powder X-ray diffraction 
analysis – was proven to occur at slightly lower temperatures than for cyanurates (300-
400 °C) and is accompanied by the formation of the corresponding phosphates (MPO3)x.  
 
N,N’-Bis(aminocarbonyl)phosphorodiamidates 
(Chapter 5, published in Eur. J. Inorg. Chem. 2012, 3296-3301) 
 
According to Le Chatelier’s principle, high-pressure conditions are necessary to impede the 
observed decomposition of biuretooxophosphates to metaphosphates at elevated temperatures 
and atmospheric pressure. Ammonothermal treatment of the corresponding alkali biuretooxo-
phosphates at 350 °C and 120 – 150 bar yieded the so far unknown N,N’-bis(aminocarbonyl)-
phosphorodiamidates Na[PO2(NHCONH2)2] (C2/c, a = 875.2(2), b = 1191.2(2), c = 
700.6(1) pm, β = 103.68(3)°, V = 709.7(2) 106 pm3, Z = 4), K[PO2(NHCONH2)2] (Fdd2, a = 
1037.0(2), b = 1270.7(6), c = 1110.3(2) pm, V = 1463.1(8) 106 pm3, Z = 8) and 
Rb[PO2(NHCONH2)2] (Fdd2, a = 1272.6(6), b = 1058.6(2), c = 1127.0(2) pm, V = 1518.3(5)  
106 pm3, Z = 8). 
By a ring-ope-
ning mechanism, 
induced by the 
nucleophilic at-
tack of ammonia, 
3D framework structures are formed in which N,N’-bis(aminocarbonyl)-phosphorodiamidate 
anions link the coordination polyhedra of the corresponding alkali cations (Scheme 2). These 
octahedral and cube-like bodies are interconnected, configuring 1D strands and a dense 3D 
Scheme 2. Mechanism of the ammonolysis of biuretooxophosphates. 
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motif comprising interpenetrating 
zweier chains (Figure 4). Combined 
studies of DTA/TG measurements and 
temperature-dependent powder X-ray 
diffraction revealed the reversibility of 
the ammonolysis for the sodium and 
potassium salt at elevated 
temperatures before decomposing to 
the corresponding metaphosphates 
(MPO3)x by the elimination of 
formamide HCONH2 whereas the 
rubidium salt undergoes direct 
decomposition without ring 
condensation first.  
 
 
Figure 4. Interpenetrating zweier chains in 
Rb[PO2(NHCONH2)2], running in [011] and [01¯1] direction 
(highlighted in dark gray). 
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3.  On the Formation and Solvothermal Treatment of Melam 
 
Melam, a molecule formally accessible by condensation of two molecules melamine by 
elimination of ammonia is one of the first C/N/H compounds to be mentioned in literature. 
Nevertheless, the crystal structure as well as the synthesis of this “melamine-dimer” puzzled 
researchers for nearly one and a half century. With melam being an important intermediate on 
the way to g-C3N4, a multitude of experiments have been conducted to maintain this 
compound, mostly based on the addition of acids. Several melam derivates are known in 
literature; however, melam itself was so far only synthesized in very little amounts by 
condensation of melamine, as the formation of melem is energetically favored. This chapter 
deals with a novel approach to synthesize melam in large amounts by autoclave synthesis. 
Reactions in supercritical and gaseous ammonia are compared and a new condensation 
intermediate accessible by heating dicyandiamide for nine days in gaseous ammonia at 
450 °C is characterized. Furthermore, single crystals of melam hydrate, to date known as 
amorphous precursor for the synthesis of several melamium salts and solvates, were grown by 
hydrothermal treatment and rendered the structural characterization possible.  
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All NMR measurements in this subsection were carried out by Maria B. Mesch and Prof. Dr. 
J. Senker (University of Bayreuth) and will also be published as part of the PhD thesis of M. 
B. Mesch. 
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Abstract: Until recently, melam [C3N3(NH2)2]2NH has been regarded as a short-lived inter-
mediate in the condensation process of melamine, detectable only under special reaction con-
ditions due to its high reactivity. A new synthetic approach allowed for a closer look into the 
formation and condensation behavior of melam by the use of elevated ammonia pressure in 
autoclaves. Whereas thermal treatment of dicyandiamide at 450 °C and 0.2 MPa NH3 yielded 
melam in large amounts, longer treatment at such conditions (9 d) led to the formation of a 
melam-melem adduct phase, enabling first insights into the condensation process of melam to 
melem.    
Hydrothermal treatment of melam at 300 °C (24 h) yielded melam hydrate 
[C3N3(NH2)2]2NH · 2H2O (P21/c, a = 676.84(2), b = 1220.28(4), c = 1394.24(4) pm, β = 
98.372(2)°, V = 1139.28(6)·106 pm3, Z = 4) which crystallizes in a layered structure composed 
of nearly planar melam molecules, forming ellipsoidal rosette-like motifs. Resulting voids are 
filled with four water molecules, forming a dense network of hydrogen bonds. 
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3.1 Introduction 
 
Since the “harder than diamond” fever has been evoked by the work of Liu and Cohen in 
1989, carbon nitride-type materials have experienced significant interest due to their 
promising properties. Earlier work has concentrated mainly on synthesis of sp3-hybridized 
network phases of binary carbon nitride (C3N4) which was predicted to show extreme 
compressibility und superhardness.[1-5] So far, the closest approach to binary carbon nitride 
has been carbon nitride imide C2N2(NH) crystallizing in a defect wurtzite-type of structure, 
representing the first crystalline sp3-hybridized three-dimensional network structure of a 
carbon nitride presented to date.[6] Recently,the focus of carbon nitride chemistry has shifted 
towards layer-like sp2-hybridized graphite-type carbon nitride type materials showing 
promising properties for catalytic applications (e.g. for water splitting and CO2 reduction),  
for use in organic semiconductor science and as photoactive materials converting solar light 
into electricity.[7-14] However, the 
synthesis of pure and crystalline 
g-C3N4 – being regarded as a 
possible precursor of superhard 
3D C3N4 and predicted to be the 
most stable modification under 
ambient conditions [5] – has not 
been reported so far. 
Accordingly, chemical screening 
of potential precursors leading to this compound has been an ongoing quest in carbon nitride 
research.[15-19] In the literature there has been a controversial discussion paralleled by 
theoretical calculations if  g-C3N4 is made up of  s-triazine or tri-s-triazine (“heptazine”) 
units.[20-22] Regardless, g-C3N4  can be formulated as the final de-ammonation product of a 
series of “ammonocarbonic acids” (x C3N4 · y NH3) (Scheme 1, Table 1) like cyanamide and 
dicyandiamide containing alternating C and N atoms.[23] 
Table 1. Carbon nitride precursors, formally denominated as 
“ammonocarbonic acids” x C3N4 · y NH3. 
ammonocarbonic acid formula x C3N4 · y NH3 
cyanamide H2NCN ⅓ C3N4 · ⅔ NH3 
dicyanamide NH(CN)2 ⅔ C3N4 · ⅓ NH3 
dicyandiamide (H2N)2C=NCN ⅔ C3N4 · 1⅓NH3 
melamine C3N3(NH2)3 1  C3N4 · 2 NH3 
melam [C3N3(NH2)2]2(NH) 2  C3N4 · 3 NH3 
melem C6N7(NH2)3 2  C3N4 · 2 NH3 
melon [C6N7(NH)(NH2)]n 2  C3N4 · 1 NH3 
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Investigation of the 
thermolysis behavior of 
these precursors estab-
lished relations with a 
class of historically im-
portant compounds first 
mentioned by Liebig 
(e. g. melamine, melam, 
melem and melon).[24] In the literature, melamine (triamino-s-triazine, C3N3(NH2)3) and 
melem (triamino-tri-s-triazine, C6N7(NH2)3) [15] have been assumed to be stable species in the 
condensation process leading finally to melon [(C6N7(NH2)(NH)]n [16] since they have been 
invariably obtained by thermal treatment of carbon nitride precursors. The recent finding of 
three melamine-melem adducts phases in a temperature range of 620 – 660 K in closed 
ampoules [25] added weight to a condensation mechanism based on gas-phase reactions 
including the sublimation of melamine and the rapid formation of melem with melam 
([C3N3(NH2)2]2(NH)),[19] an  s-triazine-based dimer formed by condensation of two molecules 
of melamine, acting as a highly reactive intermediate phase. Pure melam was so far only 
obtained as a minor phase in form of few tiny crystals during the condensation of melamine in 
open crucibles (2d, 340 – 360 °C).[19] Furthermore, only a small number of melam derivates is 
known in the literature, whereas a multitude of publications can be found on derivates of the 
energetically favored intermediates of melamine and melem.[19,26,27]  
This contribution is dealing with the so far often disregarded highly reactive intermediate 
melam and its role in the condensation process to melon. A new synthesis route allowing for 
the preparation of melam in high yields is presented, applying elevated ammonia pressure to 
inhibit further condensation of melam according to Le Chatelier’s principle. This approach 
also affords the formation of a melam-melem adduct phase, shedding light on the 
condensation process from melam to melem for the first time. Furthermore, the accessibility 
of pure melam in sufficient amounts allowed for the synthesis of crystalline melam hydrate 
(C6N11H9·2H2O) by hydrothermal treatment and for its structure elucidation from single-
crystal data. 
 
 
Scheme 1. The carbon nitride precursors dicyandiamide (C2N4H4, left), 
melamine (C3N6H6, middle) and melem (C6N10H6, right). 
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3.2  Results and Discussion 
 
Melam: Bulk melam was synthesized by thermal treatment of dicyandiamide at 450 °C and 
0.2 MPa NH3 in an autoclave. With this synthesis method, large amounts of melam are now 
accessible, the yield merely being reduced by sublimated melamine at the top of the 
autoclave. At higher temperatures, melam is transformed into melem which is also present at 
450 °C as side-phase as well as one of the melamine-melem adduct phases 
(2C3N3(NH2)3·C6N7(NH2)3) as proven by Rietveld refinement (Figure 1, Table 2). 
Compared to the crystal data of melam which were determined at -143 °C from single-crystal 
XRD data, the cell parameters from the powder X-ray diffraction pattern taken at room 
temperature showed a significant deviation. Rietveld refinement proved nearly unchanged 
values for a and b, whereas the thermal expansion in c-direction leads to an enlargement of 
the corresponding parameter of 28 pm (from 1398 to 1426 pm). Although no pronounced π-
stacking of the molecules is observed in the crystal structure of melam, the 3D screw-like 
 
Figure 1. Rietveld refinement of the PXRD data of bulk melam (Cu-Kα1 radiation). Measured data are indicated 
by crosses, refined data and the difference plot are given as solid lines. Bragg peaks are indicated by vertical bars 
(top: melam, middle: 2melamine*melem, bottom: melem). 
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arrangement of mutually tilted melam units is elongated due to the weakened hydrogen bonds 
connecting the molecules 
in c-direction. 
The thermal behavior of 
bulk melam was thor-
oughly investigated under 
different conditions 
(open/closed systems). 
Temperature-dependent 
X-ray powder diffraction 
measurements (TPXRD) 
in open quartz capillaries 
(to be referred to as a semi-closed system) indicated stability of melam up to 370 °C including 
a further elongation of the unit cell in c-direction visible by the shift of several intense 
reflections indexed as 113, 131 and 114 to smaller 2θ values (Figure 2) whereas no shift for 
the intense hk0 reflection 310 was observed. Under slow heating conditions (heating rate of 1 
°C min-1), conversion into melem is observed at 380 °C without passing through an 
Table 2. Crystallographic data of the Rietveld refinement of melam. 
 melam 2melamine*melem
 
melem 
Formula C6N11H9 C12N22H18 C6N10H6 
Space group C2/c C2/c P21/c 
a [pm] 1810.34(8) 2155.03(94) 738.43(40) 
b [pm] 1085.45(4) 1267.00(95) 860.45(41) 
c [pm] 1425.54(3) 684.51(14) 1329.97(99) 
V [106 pm] 2784.43(16) 1857.7(17) 835.66(88) 
Z 12
 
4 4 
Observed reflections 401 273 245 
T[K] 293 
Diffraction range [°] 0≤2θ≤60 
No. data points 5480 
GOF 1.474 
R indices (all data) Rp = 0.04348, wRp = 0.05934 
 
 
Figure 2. In situ temperature-programmed X-ray powder diffraction measurements (Mo-Kα1 radiation) of bulk 
melam recorded between room temperature and 500 °C with a heating rate of 1 °C min-1. 
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amorphous state. Pure melem was proven to be stable up to 460 °C. 
Combined DTA/TG analysis (Figure 3) indicated the formation of two condensation products 
corresponding to two sharp endothermic signals at 374 and 403 °C accompanied by an 
observed overall mass loss of 22.6 % (3 mole NH3: calculated 21.7 %). Whereas the 
formation of melem at around 370 °C upon thermal treatment of melam has been mentioned 
in literature,[19] the second signal can probably be attributed to the formation of a new phase 
caused by the admixture of melem and a melamine-melem adduct phase in the  bulk sample. 
As DTA/TG and TPXRD analysis yielded ambiguous results, further investigations in the 
interesting temperature range between 350 and 450 °C were conducted to isolate the above 
mentioned phase ex situ.  In literature, it has been reported that melem is found within this 
temperature range (380 – 500 °C).[15] However, a strong dependence not only of temperature 
and pressure but also of the reaction time has been revealed during investigation on thermal 
behavior of carbon nitride precursors. Whereas melem is formed at long reaction times (48h) 
at 380 °C and 400 °C in ampoules, shorter thermal treatment of melam (1h) yielded a mixture 
of melam, melem and a so far unknown phase which turned out to be a melam-melem adduct. 
 
Figure 3. DTA/TG of bulk melam (24 mg) measured between room temperature and 600 °C with a heating rate 
of 5 °C min-1. 
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Melam-melem adduct phase: Similar to melam, the melam-melem adduct phase turned out 
to be a highly reactive intermediate stable only within a small temperature and time range. 
According to the synthesis of bulk melam, the adduct phase could therefore be isolated only 
by preventing further condensation using elevated ammonia pressure in an autoclave. Long 
reaction times (9-10 d) yielded samples of high crystallinity (Figure 4). 
To identify the building units of the adduct phase, mass spectrometry was carried out. Peaks 
at m/z = 218 and 235 were detected, corresponding exactly to the molecular mass of melem 
and melam, respectively, whereas no peaks at higher m/z values pointing out to more 
condensed products were 
found. The composition of 
the adduct phase was 
determined by elemental 
analysis. Observed and 
calculated results for 
various compositions are 
listed in Table 3. 
As has been pointed out before, elemental analysis cannot be seen as an unambiguous proof 
of the formation of a certain adduct phase due to very similar compositions of the individual 
 
Figure 4. Powder X-ray diffraction pattern of phase I (Cu-Kα1 radiation). 
 
Table 3. Elemental analysis data observed and calculated for different 
compounds and compositions. 
Compound sum formula N[wt%]
 
C[wt%] H[wt%] 
phase I  64.31 32.28 3.25 
melamine [C3N6H6] 66.67 28.57 4.76 
melam [C6N11H9] 65.53 30.64 3.83 
melem [C6N10H6] 64.22 33.03 2.75 
1:1 adduct[a] [C6N11H9] [C6N10H6] 64.88 31.79 3.33 
1:2 adduct[b] [C6N11H9] [C6N10H6]2 64.66 32.19 3.15 
2:3 adduct[c] [C6N11H9]2[C6N10H6]3 64.74 32.03 3.23 
[a] melam/melem = 1:1; [b] melam/melem = 1:2; [c] melam/melem = 2:3. 
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compounds.[19] However, with the building units of the adduct phase being verified to be 
melem and melam by mass spectrometry, and with the composition of the adduct matching 
neither melamine, melam nor melem, several different molar ratios assembling melam and 
melem into co-crystals were calculated. The best match was found for a 1:2 or a 2:3 adduct of 
melam and melem, with a small average deviation of 1.33 % and 0.69 %, respectively. 
The FTIR spectrum of the melam-melem adduct phase is shown in Figure 5 (middle), together 
with the spectra of pure melam (top) and melem (bottom) for comparison. The similarity of 
the spectra becomes evident, especially regarding the NH stretching region above 3100 cm-1 
and the characteristic sextant ring band around 800 cm-1 being split into two bands 
corresponding to the position of the absorption in the spectrum of melam (810 cm-1) and 
melem (798 cm-1).[15,19] Also the fingerprint region of the adduct phase exhibits typical 
features of both spectra of the initial compounds. The several sharp and well-resolved 
absorption bands characteristic for C-N stretching and NH2 bending vibrations visible for 
melam between 1640 and 1350 cm-1 are largely identical in the spectra of the adduct phase. 
However, the relative band intensities have changed showing a distribution closer related to 
that of melem. The most distinctive band of melam at 1583 cm-1 – absent in both the spectra 
 
Figure 5. FTIR spectra of melam (top), melam-melem adduct phase (middle) and melem (bottom), measured as 
KBr pellets. 
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of melamine and melem – is found in the spectra of the adduct phase at 1590 cm-1, as well as 
absorption below 1400 cm-1 (1350 and 1250 cm-1) being characteristic of the C-NH-C unit 
found in melam and melon.[16,19] These slight band shifts and the change in intensity exclude a 
simple superposition of the spectra of melam and melem, what was also discarded by PXRD 
results (Figure 4) and point out to a significantly altered hydrogen-bonding network. Although 
FTIR cannot supply the ultimate proof, the unambiguous similarity of the spectrum of the new 
phase with the ones of melam and melem clearly indicates the formation of an adduct phase 
of both compounds. 
To gain further information on the nature of the adduct phase, 13C and 15N MAS NMR spectra 
have been recorded. The 13C spectrum (Figure 6, top) exhibits characteristics of both the 
spectra of melam and 
melem. The signal at 
about 155.5 ppm can un-
ambiguously be assigned 
to the CN3 atoms of 
melem, whereas the mar-
kedly more intense group 
of signals between 162 
and 170 ppm comprise 
signals of the CN2NH2 
atoms of both substances.  
A conventional 15N CP 
MAS spectrum of the 
adduct phase could not be 
measured due to the long 
proton relaxation time. 
However by introducing a 
flip-backsequence[28,29] a significant gain in intensity could be reached by reducing the recycle 
delay to 2 s without a severe loss of intensity. Although the flip-back spectrum (Figure 6, 
bottom) still suffers from a low signal-to-noise ratio characteristic resonances for both melam 
and melem could be identified. The signals between -190 and -205 ppm are characteristic for 
Figure 6. 13C (top) and 15N (bottom) MAS NMR spectra of the melam-
melem adduct phase.  
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(outer) tertiary nitrogen atoms of triazine and tri-s-triazine units. The signal for the shielded 
central atom of melem which usually is the indicator for its presence can be found at -234.7 
ppm. The signal has very low intensity which probably is a result of the measuring technique 
as CP experiments are not quantitative, especially if tertiary nitrogen atoms are in the vicinity 
of strongly coupled NH2 groups.  In the NH region, two signals at a chemical shift of -252 and 
-255 ppm are visible, therefore being in accordance with the split signal of the NH group in 
melam. The remaining signals between -270 and -300 ppm belong to NH2 groups, with the tri-
s-triazine nucleus of melem causing a low field shift (signals at -262 and -281 ppm) in 
comparison with the  s-triazine rings of melam (signals between -282 and -300 ppm). The 
existence of few additional resonances (-194.8, -244.9, -258.2 and -262.9 ppm) strongly 
indicates a different hydrogen bond network as compared to pure melam and melem. This 
coincides the formation of an adduct phase of the building units melam and melem.   
Both this and previous studies have shown that the choice of reaction conditions – especially 
pressure and temperature – is a critical factor for thermal condensation of these carbon nitride 
precursors.[15,16,19,25] The tendency of melamine – the most stable intermediate - to sublimate 
above 300 °C often leads to less defined products of low crystallinity (so-called raw melon, 
melem only with melamine as by-product) when condensation reactions are carried out in 
open systems. The partial elusion of intermediates leads to rapid irreversible condensation. 
Accordingly, condensation reactions in ampoules (closed systems) which enable reversible 
gas phase reactions, usually lead to products of higher crystallinity.  
Not only melem and melon can be synthesized in highly crystalline form in ampoules but also 
the structures of three so far unknown melamine-melem adducts have been elucidated 
recently from single crystals derived from such ampoule reactions.[25] As expected the arising 
ammonia partial pressure seems to be the crucial factor for higher crystallinity as proven by 
the above presented autoclave reactions. Whereas the condensation of dicyandiamide beyond 
melamine is suppressed at supercritical conditions (20 MPa) even at 500 °C, reactions below 
10 bar enabled condensation and ammonolysis reactions taking place at the same time, 
therefore inhibiting further condensation processes according to Le Chatelier. 
Correspondingly, by careful adjustment of the pressure, not only stable products like 
melamine and melem are formed but also further intermediates like melam and a melam-
melem adduct phase can be isolated.   
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This synthesis strategy is furthermore in accordance with several routes to melam derivates 
published so far. Both the synthesis of the melamium adduct C6N11H10Cl · 0.5 NH4Cl and the 
melamium-melamine adduct C6N11H10SCN · 2 C3N3(NH2)3 require elevated ammonia 
pressure in ampoules by usage of ammonium chloride (as additive for the pyrolysis of 
melamine) or ammonium thiocyanate (as single-source precursor), respectively.[26] 
Melam hydrate: Polycrystalline melam hydrate, which is used as starting material for the 
synthesis of melamium salts in solution due to the low solubility of melam, is commonly 
synthesized by treatment of 
melamium adducts like 
C6N11H10Cl · 0.5 NH4Cl with 
bases. Owing to the 
accessibility of bulk melam 
by the above presented 
autoclave method, single-
crystals of melam hydrate 
were obtained for the first 
time by direct hydration 
applying hydrothermal 
conditions (300 °C / 24 h) 
and allowed for the 
determination of its crystal 
structure. Crystallographic 
data for melam hydrate and 
details of the structure 
refinement are summarized 
in Table 4.  
Melam hydrate crystallizes in 
space group P21/c with four 
molecules in the monoclinic 
cell. The asymmetric unit 
contains one melam 
Table 4. Crystallographic data and details of the structure refinement of 
melam hydrate. 
 C6N11H9 · 2 H2O 
Molar mass [g·mol-1] 271.24  
Crystal system monoclinic 
Space group P 21/c (no. 14) 
T [K] 293 
Diffractometer Nonius Kappa-CCD 
Radiation, λ [pm] Mo-Kα, 71.073 
a [pm] 676.84(2) 
b [pm] 1220.28(4) 
c [pm] 1394.24(4) 
β [°] 98.372(2) 
V [106 pm3] 1139.28(6) 
Z 4 
Calculated density [g·cm-3] 1.582 
Crystal size [mm3] 0.25 x 0.15 x 0.09 
Absorption coefficient [mm-1] 0.126 
F(000) 568 
Absorption correction none 
Diffraction range  3.13º ≤ θ ≤ 25.35° 
Index range -8≤ h ≤ 8,  
-14 ≤ k ≤ 14 
-16 ≤ l ≤ 16 
Parameters / restraints 211 / 0 
Total no. of reflections 7590 
No. of independent reflections 2087 
No. of observed reflections 1766 
Min./max. residual electron 
density [e·10-6 pm-3]  
-0.220 / 0.218  
GooF 1.032  
Final R indices [I > 2σ(I)] R1 = 0.0403, wR2 = 0.1083[a] 
Final R indices (all data) R1 = 0.0490,  wR2 = 0.1162[a] 
[a] w = [σ2(F02) + (0.0761P)2 + 0.1753P]-1, with P = (F02 + 2 Fc2)/3. 
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molecule and two 
equivalents of water. As 
all hydrogen atoms have 
been found from diffe-
rence Fourier syntheses 
the tautomeric form with 
conjugation between the triazine ring systems (Scheme 2, right) earlier discussed in the litera-
ture can be excluded,[30-32] thus proving the “ditriazinylamine” form with two triazine units 
condensed through a bridging NH group, also corroborated by the crystal structure of melam 
itself  (Scheme 2, left).[19,23,33-
35]
 Compared to this structure, 
the molecules in melam hydra-
te show similar bond lengths 
and angles. 
 
In anhydrous melam, a screw-
like arrangement of slightly 
twisted melam molecules is 
observed, stabilized by a dense 
hydrogen bonding network.[19] 
By hydrothermal treatment 
this network is broken up, 
therefore leading to a re-
arrangement of the now nearly 
planar melam molecules in a 
layered structure with an 
interlayer distance of 340 pm, 
thus slightly enlarged in 
comparison with other carbon 
nitride precursors like melem 
(327 pm) and melem hydrate 
(337 pm) (Figure 7).[36,37] 
 
Scheme 2. The two tautomeric forms of melam discussed in literature. 
Figure 7. Top: Screw-like arrangement of the molecules in anhydrous 
melam (view along [010]. Bottom: layered structure of melam hydrate 
(view along [010]). Melam molecules are arranged coplanar, but show 
no π-stacking. 
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Contrary to circular rosette-motifs known from melamine and melem derivates,[25,37-39] an 
ellipsoidal rosette-like motif is formed in melam hydrate according to – in comparison with 
melamine and me-
lem - elongated 
building units. This 
structure is sta-
bilized by a net-
work of strong and 
medium strong hy-
drogen bonds with 
donor-acceptor dis-
tances ranging bet-
ween 295 and 324 
pm (Figure 8).  
 
The oval voids within the rosettes show a transverse diameter of 8.3 Å and a conjugate 
diameter of 3.3 Å, values that are close to pore 
sizes found in melem hydrate (8.9 Å) [37] and 
the 1:1 adduct of cyanuric acid and melamine 
(4 Å).[38] Contrary to melem hydrate, the voids 
are not forming channels by AAA stacking but 
are arranged in a staggered fashion. The voids 
are filled with four water molecules, forming a 
dense network of hydrogen bonds (distances 
N-H···O = 300-355 pm, O-H···O = 277 pm, O-
H···N = 296-297 pm) and probably acting as 
structure directing agents for the self-assembly 
of the melam molecules in solution (Figure 9).   
The thermal behavior of melam hydrate was 
examined by combined thermogravimetry and 
differential thermal analysis to investigate the 
 
Figure 8. Arrangement of the melam molecules in a hydrogen-bonded ellipsoidal 
rosette-like motif in melam hydrate. Water molecules are omitted for clarity, carbon 
and hydrogen atoms are depicted in gray, nitrogen atoms in black; dashed lines 
represent hydrogen bonds. 
 
Figure 9. Representation of one ellipsoidal rosette 
filled with four templating water molecules, 
embedded in a dense hydrogen-bonded network. 
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strength of the non-covalent interactions between melam and water molecules. The obtained 
curves (Figure 10) show dehydration to take place between 100 and 150 °C. Elemental 
analysis has shown that the above presented hydrothermal treatment of melam leads to the 
formation of bulk samples with varying content of crystal water. Whereas further refinement 
of the oxygen occupancies in the single-crystal data yielded the formula C6N11H9·1.93H2O, 
elemental analysis and combined DTA/TG measurements of several bulk samples synthesized 
at 300 °C point out to a lower content of water molecules per melam unit (C6N11H9·xH2O; 1 ≤ 
x ≤ 1.5). Dehydrated melam is stable up to temperatures of 380 °C before rapidly 
decomposing, thus being in accordance with the thermal behavior of anhydrous melam.[19] 
In the case of melam hydrate temperature-dependent powder X-ray diffraction investigations 
have shown that dehydration leads to decreasing crystallinity of the sample as expected. 
Contrary to melem hydrate,[37] the removal of crystal water is accompanied by rearrangement 
of the layered melam molecules in the screw-like formation of anhydrous melam, therefore 
proving the hydrogen bonding network including the water molecules to be the crucial factor 
for the stability of the planar arrangement of the molecules in melam hydrate.   
 
Figure 10. DTA/TG of melam hydrate (31 mg) measured between room temperature and 700 °C with a heating 
rate of 5 °C min-1 
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The FTIR spectrum of 
melam hydrate is shown in 
Figure 11. All bending and 
stretching vibrations bear a 
clear resemblance with the 
signals for melam,[19] 
however, some slight 
differences remain. In the 
OH and NH stretching 
region, the sharp signal at 
3470 cm-1 observed for 
anhydrous melam is 
covered by a broad ν(OH) signal in the spectrum of melam hydrate. Absorption at 810 cm-1 
(the sextant ring band) and at 1350 and 1250 cm-1 characteristic for the C-NH-C unit in 
melam is in accordance with the data of anhydrous melam, whereas the bands between 1650 
and 1430 cm-1 assigned to ν(C=N) and δ(NH2) vibrations are slightly changed in intensity and 
position due to the participation of the  s-triazine rings and NH2 groups in the hydrogen 
bonding network with the water molecules. 
 
3.3  Conclusion 
 
With the synthesis of bulk melam and a melam-melem adduct by thermal treatment of 
dicyandiamide under elevated ammonia pressure the influence not only of temperature but 
also of pressure adjustment for the condensation process of carbon nitrides has been proven. 
According to Le Chatelier’s principle, ammonia pressure antagonizes the cleavage of 
ammonia which is the driving force of usually very fast condensation processes. To our 
present knowledge the formation of melam - which was long time thought to be a competitive 
reaction product of the condensation process of melamine to melem via the melamine-melem 
adduct phases – is in fact part of that condensation process, however most of the time not 
detectable due to the rapid further condensation of melam to melem (via at least one adduct 
phase). This fast transformation - leading to an always observed coexistence of the adduct 
 Figure 11. FTIR spectrum of melam hydrate (recorded as KBr pellet). 
  
 
Chapter 3: On the Formation and Solvothermal Treatment of Melam 
 
38 
 
phase(s) with melam or melem – complicates a more detailed description of the adduct 
phase(s) regarding quantity, composition and structure. Local methods like advanced solid-
state NMR spectroscopy or TEM investigations will be used to further study these 
compounds.    
By careful adjustment of the reaction conditions the formation of further melam-melem 
adduct phases is conceivable as well. For investigations of further condensation processes 
(namely from melem to melon) special autoclaves with a maximal operation temperature of 
>500 °C are necessary, as up to 500 °C and 2 bar NH3 melem is the final de-ammonation 
product of melamine to be synthesized. However, reactions under elevated ammonia pressure 
might be a valuable tool for the synthesis of melem dimers or oligomers to further elucidate 
condensation processes up to polymeric carbon nitrides.   
Hydrothermal treatment of melam up to 300 °C did not induce condensation but led to the 
formation of melam hydrate [C3N3(NH2)2]2NH · 2 H2O. Melam hydrate, so far only known as 
polycrystalline multiphased compound was obtained in crystalline form for the first time, 
therefore proving the high reactivity of supercritical fluids and their good solvating properties. 
With melam now being accessible in large amounts and with the demonstrated possibility to 
enhance the solubility of melam by hydro- or solvothermal treatment, the prerequisites to 
explore the chemistry of melam in terms of acid-base-reactions or coordination chemistry are 
hence provided and recommend melam also for the synthesis of so-called “organic alloys”.[40] 
 
3.4  Experimental Section 
 
Synthesis  
Melam: Bulk melam was synthesized by heating dicyandiamide (1g, 11.9 · 10-3 mol, ≥ 99 %, 
Avocado) in a quartz inlay placed in an autoclave filled with gaseous NH3 (2 bar) at 450 °C 
with a heating rate of 2 °C min-1. After a tempering time of 1-5 days, the autoclave was 
cooled down to room temperature at 1 °C min-1 and opened carefully. Bulk melam is found at 
the bottom of the inlay, sublimated melamine at the top of the autoclave. Data for melam: IR 
(KBr):  ν~  [cm-1] = 3483 (m), 3466 (m), 3457 (m), 3416 (w), 3306 (s), 3170 (s), 1641 (vs), 
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1612 (vs), 1590 (vs), 1549 (vs), 1518 (vs), 1454 (vs), 1429 (vs), 1351 (vs), 1252 (m), 1175 
(w), 1106 (w), 1070 (w), 1034 (w), 972 (vw), 811 (m), 783 (vw), 748 (vw), 687 (w), 634 (w).  
Melam-melem adduct phase: The melam-melem adduct phase was synthesized by heating 
dicyandiamide (1g, 11.9 · 10-3 mol, ≥ 99 %, Avocado) in a quartz inlay placed in an autoclave 
filled with gaseous NH3 (2 bar) at 450 °C with a heating rate of 2 °C min-1. After a tempering 
time of 9-10 days, the autoclave was cooled down to room temperature at 1 °C min-1 and 
opened carefully. The adduct is found at the bottom of the inlay, sublimated melamine at the 
top of the autoclave. Data for the melam-melem adduct phase: IR (KBr): ν~  [cm-1] = 3482 (w), 
3466 (w), 3452 (w), 3387 (w), 3306 (m), 3141 (s), 1635 (vs), 1592 (vs), 1548 (vs), 1475 (vs), 
1456 (vs), 1428 (vs), 1352 (s), 1309 (m), 1255 (m), 1105 (w), 1037 (w), 811 (w), 798 (w), 
769 (vw), 759 (vw), 741 (vw), 641 (vw), 717 (w), 700 (vw), 631 (vw), 610 (vw). 
Melam hydrate:  Single crystals of melam hydrate suitable for X-ray diffraction analysis 
were synthesized under hydrothermal conditions by heating a suspension of melam (100 mg, 
0.36 · 10-3 mol) in 30 mL H2O in a quartz inlay placed in an autoclave. The autoclave was 
heated for 24 hours at 300 °C, then cooled down to room temperature at 0.05 °C min-1. Data 
for melam hydrate: IR (KBr):  ν~  [cm-1] = 3451 (s), 3348 (s), 3139 (s), 1656 (vs), 1628 (vs), 
1585 (vs), 1552 (vs), 1524 (vs), 1466 (s), 1430 (vs), 1350 (vs), 1265 (m), 1187 (w), 1031 
(vw), 810 (m), 774 (w), 740 (vw), 635 (vw), 616 (w). 
General techniques 
Mass spectra were obtained using a Jeol MStation JMS-700 gas inlet system by using Direct 
insertion (DEI+). Elemental analyses for C, H and N were performed with the elemental 
analyzer systems Vario EL and Vario Micro (Elementar Analysensysteme GmbH). FTIR 
measurements were carried out on a Bruker IFS 66v/S spectrometer. Spectra of the samples 
were recorded in an evacuated cell at ambient conditions between 400 and 4000 cm-1 after 
diluting the samples in KBr pellets (2 mg sample, 300 mg KBr, hand press with press capacity 
10 kN).  Thermoanalytical measurements were carried out under inert atmosphere (He) with a 
Thermoanalyzer TG-DTA92 (Setaram). The samples were heated in an alumina crucible from 
room temperature to 600 °C with a heating rate of 5 K · min-1.   
X-ray diffraction: Powder X-ray diffraction data were collected on a Stoe STADI P 
diffractometer using Ge(111)-monochromated Cu-Kα1 radiation (λ=154.06 pm). High-
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temperature in situ X-ray diffraction was carried out on a STOE Stadi P powder 
diffractometer (Ge(111)-monochromated Mo-Kα1 radiation,  λ =70.093 pm) with an integrated 
furnace using unsealed quartz capillaries (Ø 0.5 mm) as sample containers. The samples were 
measured from 298 K to temperatures around 773 K in steps of 10 K min-1, using a heating 
rate of 1 K min-1 between the scans.  
Solid-state NMR spectroscopy: The 1D solid-state NMR experiments were carried out at 
ambient temperature on an Avance 500 NMR spectrometer (Bruker) with an external 
magnetic field of 11.7 T, operating at Larmor frequencies of 500.1 MHz, 125.7 MHz and 50.7 
MHz for 1H, 13C and 15N, respectively. The measurements were carried out in a 4 mm 
standard double resonance MAS probe (Bruker) at a spinning speed of 10 kHz. The chemical 
shifts of 13C and 15N were referenced relative to TMS and nitromethane. For the 1H13C and 
1H15N cross-polarization (CP) MAS spectra a ramped-amplitude (RAMP) shape pulse on 1H, 
centered on the n = +1 Hartmann-Hahn condition, with a nutation frequency  νnut of 45 kHz 
(13C) and 55 kHz (15N) was used. The 1H RF field varied linearly about 20% during a contact 
time of 1.5 ms (13C) and 7 ms (15N). During the acquisition of the FID 1H continuous wave 
(CW) decoupling with a nutation frequency of ca 80 kHz (13C experiment) and ca 70 kHz 
(15N experiment) was performed. After the acquisition a flip-back (FB)[28,29] pulse was applied 
on 1H so that the recycle delay becomes less dependent of the 1H T1 relaxation time. The 
recycle delay was set to 20 s (13C) and 2 s (15N). About 2500 and 121000 transients were 
accumulated for the 13C and 15N experiments, respectively. 
X-ray Structure Determination: Single-crystal X-ray diffraction data of melam hydrate was 
collected at 293 K with a Kappa CCD diffractometer using monochromated Mo-Kα  radiation 
(λ = 71.073 pm). The diffraction intensities were scaled using the SCALEPACK software 
package.[41] No additional adsorption correction was applied. The crystal structure was solved 
by direct methods using the software package SHELXS-97 and refined against F2 by applying 
the full-matrix least-squares method (SHELXL-97).[42-44] Hydrogen positions could be 
determined from difference Fourier syntheses and were refined isotropically. All non-
hydrogen atoms were refined anisotropically.  Crystallographic data for melam hydrate have 
been deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, 
Cambridge CB21EZ, UK. Data can be obtained free of charge on quoting the depository 
number CCDC-901046 (Fax: +44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk, 
http://www.ccdc.cam.ak.uk). 
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4.  Polytriazine Imide – Structure, Properties and Possible 
Applications 
 
As has been shown in the previous chapter, the utilitzation of ammonia and water as solvent 
or gaseous admixture can decelerate condensation reactions and allows for the synthesis of 
crystalline molecular carbon nitride intermediates. However, at the maximum temperatures 
permitted by the autoclave technique used in this work (500 °C), the formation of highly 
condensed networks is inhibited by ammonia pressure slowing down reaction kinetics. 
Accordingly, a different approach is necessary for the synthesis of highly condensed carbon 
nitride networks. 
Salt melts have been known for a long time as high-temperature inorganic solvents with good 
solvating properties regarding for instance nitrides, carbides and cyanates. With the melting 
point of a multitude of salt melts being located below the formation temperature of carbon 
nitride networks (< 500 – 600 °C), their utilization overcomes the immobility of larger 
condensation intermediates and should therefore enable the synthesis of crystalline carbon 
nitride networks.  
In this chapter, the synthesis of poly(triazine imide) with LiCl intercalation by the above 
mentioned salt melt method (using a LiCl/KCl flux) is described. The structure of this 
crystalline network is elucidated by a complementary approach using different diffraction 
techniques like electron and powder X-ray diffraction as well as NMR and IR spectroscopy. 
Furthermore, the effect of LiCl intercalation regarding structural and electronic properties is 
investigated. With XAS/XES and VEELS, two modern methods for band gap measurements 
are applied to carbon nitrides for the first time, enabling a very exact and – in the case of 
EELS - also local band gap determination which is compared to theoretical calculations. In 
the last part of this chapter, the photocatalytic activity of PTI/LiCl towards visible-light driven 
hydrogen evolution is examined and compared to several less crystalline and carbon-doped 
derivates. 
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4.1 Poly(triazine Imide) with LiCl Intercalation (PTI/LiCl) 
 
 
All NMR measurements in this subsection were carried out by Daniel Gunzelmann and Prof. 
Dr. J. Senker (University of Bayreuth) and will also be published as part of the PhD thesis of 
D. Gunzelmann. 
 
 
 
Poly(triazine imide) with Intercalation of Lithium and Chloride Ions 
[(C3N3)2(NHxLi1-x)3·LiCl]: A Crystalline 2D Carbon Nitride Network 
 
 
Eva Wirnhier, Markus Döblinger, Daniel Gunzelmann, Jürgen Senker,  
Bettina V. Lotsch, and Wolfgang Schnick 
 
 
 
published in: Chem. Eur. J. 2011, 17, 3213 – 3221. DOI: 10.1002/chem.201002462 
 
Keywords: carbon nitrides; electron diffraction; intercalations; layered compounds; NMR 
spectroscopy 
 
Abstract: Poly(triazine imide) with intercalation of lithium and chloride ions (PTI/Li+Cl−) 
was synthesized by temperature-induced condensation of dicyandiamide in a eutectic mixture 
of lithium chloride and potassium chloride as solvent. By using this ionothermal approach the 
well-known problem of insufficient crystallinity of carbon nitride (CN) condensation products 
could be overcome. The structural characterization of PTI/Li+Cl− resulted from a 
complementary approach using spectroscopic methods as well as different diffraction 
techniques. Due to the high crystallinity of PTI/Li+Cl− a structure solution from both powder 
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X-ray and electron diffraction patterns using direct methods was possible; this yielded a 
triazine-based structure model, in contrast to the proposed fully condensed heptazine-based 
structure that has been reported recently. Further information from solid-state NMR and FTIR 
spectroscopy as well as high-resolution TEM investigations was used for Rietveld refinement 
with a goodness-of-fit (χ2) of 5.035 and wRp=0.05937. PTI/Li+Cl− (P63cm (no. 185); 
a=846.82(10), c=675.02(9) pm) is a 2D network composed of essentially planar layers made 
up from imide-bridged triazine units. Voids in these layers are stacked upon each other 
forming channels running parallel to [001], filled with Li+ and Cl− ions. The presence of salt 
ions in the nanocrystallites as well as the existence of sp2-hybridized carbon and nitrogen 
atoms typical of graphitic structures was confirmed by electron energy-loss spectroscopy 
(EELS) measurements. Solid-state NMR spectroscopy investigations using 15N-labeled 
PTI/Li+Cl− proved the absence of heptazine building blocks and NH2 groups and corroborated 
the highly condensed, triazine-based structure model. 
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4.1.1 Introduction 
 
Over the last few decades, main-group nitrides have significantly gained importance in the 
field of high-performance functional materials due to their exceptional chemical stability and 
properties.[1–3] With the spotlight focused on light element-based nitrides qualified for a 
multitude of technological applications by their structural variety and strong covalence, 
carbon nitrides have boomed owing to their specific chemical properties. Since the “harder 
than diamond” fever has been evoked by the work of Liu and Cohen, much effort has been 
made to synthesize dense 3D phases of binary carbon nitride, C3N4, which was predicted to 
show very low compressibility and superhardness.[4–8] Carbon nitride imide (C2N2(NH)), 
presented in 2007, was the first described crystalline 3D carbon nitride network and showed a 
defect wurtzite-type structure.[9] Recently, low-density 2D carbon nitrides have also been 
attracting interest owing to their manifold optical and electronic properties. Not only graphitic 
carbon nitride (g-C3N4), which is considered to be a precursor for high-pressure conversion 
into 3D C3N4 and computed as the most stable modification under ambient conditions,[8] but 
also hydrogen-richer samples seem to be promising new materials for organic semiconductor 
science, catalytic applications, and as photoactive materials for converting solar light into 
electricity.[10–17] 
In the case of 2D graphitic carbon nitrides, a class of compounds that was already known in 
1834 has regained interest. The pioneering work of Berzelius, Liebig, and Franklin included 
the first synthesis of melon [C6N7(NH2)(NH)]n and 
other deammonation products of so-called 
“ammonocarbonic acids” (x C3N4⋅y NH3) such as 
cyanamide or melamine.[18,19] Due to the amorphous 
character and undefined composition of melon, its 
structure was an object of discussion for a long time, 
which resulted in several structural models based on 
both heptazine or triazine cores (see Scheme 1), 
respectively.[18, 20–23] Recently, a structure solution by 
combination of several analytical techniques comprising electron diffraction and solid-state 
 
Scheme 1. Triazine core (C3N3) (left) and 
heptazine core (C6N7) (right). For the 
heptazine core, two types of nitrogen atoms 
are distinguishable: the outer nitrogen atoms 
and the central nitrogen atom (“Nc”). 
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NMR spectroscopy yielded a heptazine-based 2D network.[24] With melon regarded as an 
important intermediate towards g-C3N4, its structure solution adds weight to theoretically 
favored heptazine-based structure models for this carbon nitride (CN) modification.[25] 
However, triazine-based structure predictions according to N-substituted graphite layers have 
not been completely ruled out.[6, 8, 26–28] A plethora of experimental efforts has been made 
using chemical and physical vapor deposition techniques as well as bulk synthesis routes to 
elucidate the crystal structure of g-C3N4. Mostly, kinetic problems such as condensation being 
too fast and the immobility of the condensation intermediates have inhibited a complete 
reaction and yielded nonstoichiometric, amorphous products.[1, 28–37] Recently, Antonietti et al. 
reported a novel approach to increase crystallinity by using salt melts as solvents for CN 
condensation reactions. The reaction product was claimed to be g-C3N4 and a structural model 
was proposed based on staggered sheets of 2D condensed heptazine building blocks as 
predicted previously for graphitic carbon nitride.[1, 38] 
With their high thermal stability and their good solvating properties regarding nitrides, 
carbides, cyanides, cyanates, and thiocyanates, salt melts were already known as good 
solvents in the 1960s.[39–42] In particular, a eutectic mixture of LiCl and KCl with its melting 
point below the condensation temperature of melem C6N7(NH2)3 exhibits promising 
capability for CN condensation reactions. 
Herein we report on the synthesis and the first unambiguous structure solution by powder X-
ray diffraction methods for a 2D carbon nitride network with high crystallinity due to the 
usage of a LiCl/KCl salt melt. High-resolution (HR) TEM investigations and electron 
diffraction as well as solid-state NMR and FTIR spectroscopy data corroborated the triazine-
based structure model and clarified the occupation of voids within the structure. 
 
4.1.2 Results and Discussion 
 
Synthesis and characterization  
Heating intimate mixtures of dicyandiamide and a eutectic mixture of lithium chloride and 
potassium chloride in sealed silica glass ampoules at 600 °C according to the literature[38] 
yielded a brownish product. After removing excess amounts of salt with boiling distilled 
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water a brown powder, later identified as poly(triazine imide) with intercalation of lithium 
and chloride ions (PTI/Li+Cl−), was obtained. Elemental analysis yielded an approximate 
composition of C12N17.5H6.3Cl1.5Li3.2 with a molar ratio C/N=0.69 being closer to carbon 
nitride networks such as melon (0.68)[24] or poly(heptazine imide) (PHI; 0.65)[43] than to fully 
condensed C3N4 (theoretical: 0.75). The color of the obtained material is probably due to the 
onset of carbonization at temperatures between 550 and 600 °C. Whereas at temperatures 
above 600 °C rapidly increasing carbonization and decomposition occur, temperatures below 
600 °C lead to a significant decrease of crystallinity. 
 
Solid-state NMR spectroscopy 
Because solid-state NMR spectroscopy is independent of the long-range order of a material it 
is a valuable tool for further investigations of micro- and nanocrystalline samples on local and 
intermediate length scales. Both 13C and 15N magic-angle-spinning (MAS) NMR spectra have 
been recorded. However, in the past especially high-resolution 15N NMR spectroscopy has 
proven to be very sensitive for the determination of the characteristic chemical building units 
(see Scheme 1).[24, 43–46] The 15N cross-polarization (CP) MAS NMR spectrum of PTI/Li+Cl−, a 
15N cross-polarization with polarization inversion (CPPI) experiment with attenuation of NHx 
signals, and the curve fits of the time-dependent polarization inversion dynamics of the 
different 15N building units in a CPPI experiment are displayed in Figure 1. 
 
The nanocrystallinity of the material leads to a comparatively high resolution of the spectra. 
For a reliable signal assignment 15N CPPI experiments with and without attenuation of NHx 
signals were carried out. The number of protons covalently bound to different N atoms can be 
determined by evaluating the time dependence of the polarization inversion dynamics of the 
corresponding 15N nuclei (Figure 1, bottom). From these investigations two types of signals 
are distinguishable. Signals between δ=−185 and −200 ppm exhibit a marginal intensity loss 
with a continuous, slow decrease of polarization that is diagnostic of tertiary (tert) nitrogen 
atoms in condensed CN networks.[24, 47] In addition, these signals can be observed in the 
attenuated 15N CPPI experiment whereby no protons can be directly related to these 15N 
nuclei. In contrast, two signals between δ=−240 and −255 ppm with an intensity ratio of 1:2 
exhibit a two-step evolution as a function of tinv with a turning point around zero. The number 
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of covalently bonded protons is accessible from polarization at the crossover according to the 
formula (2/(n+1))−1 (n=0, 1, 2) in which n is the number of bonded protons. This allows the 
assignment of these signals to NH.[45] Based on a direct excitation the intensity ratio for both 
types is estimated to be 3.6 (Ntert):1 (NH). Signals for NH2 nitrogen nuclei (with a theoretical 
crossover at −1/3), indicating an only partially condensed network, could not be detected. 
 
Additionally, 15N solid-state NMR spectroscopy investigations are a helpful tool for further 
information on the nature of the building blocks of condensed CN networks. A differentiation 
between the two most discussed building blocks, triazine and heptazine cores, is possible by 
means of the signal for the central nitrogen atom (“Nc”) in heptazine units (see Scheme 1). In 
essentially all heptazine-based compounds studied so far, this Nc atom exhibits an up-field 
shift relative to the outer N atoms of 
the ring to values between δ=−225 
and −235 ppm.[24, 44, 48] As the signal 
for the Nc atom could be covered by 
the broad signals of the NH nitrogen 
nuclei in the 15N CPPI experiment, 
the NHx attenuated spectra is needed 
for clarity. In this spectra 15N nuclei 
with covalently bound protons are 
damped almost completely, through 
which nuclei without a direct proton 
environment appear more intense. 
Missing signals for Nc atoms even 
in this attenuated 15N CPPI 
experiment exclude the presence of 
heptazine units in PTI/Li+Cl− and 
corroborate a triazine-based 
structure model, contrary to recent 
investigations that favored 
corrugated heptazine units to be the 
most likely building blocks of 
 
Figure 1. Top: 15N CP-MAS NMR spectrum of PTI/Li+Cl− (a) and 
a 15N CPPI experiment with attenuation of NHx signals (b). 
Bottom: Curve fits of the time-dependent polarization inversion 
dynamics of the different 15N building units in a CPPI experiment. 
Open symbols denote the signals at δ=−187 and −195 ppm, filled 
symbols denote the signals at δ=−243 and −250 ppm. 
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highly condensed carbon nitride networks.[1,24,43,49,50] 
 
The 13C MAS NMR spectra (Figure 
2) exhibit three resonances in a 
region typical for both heptazine and 
triazine units.[24,45,51,52] Thus, based 
on the results of the 15N data an 
assignment to the carbon atoms in 
the triazine building blocks of 
PTI/Li+Cl− can be made. Whereas 
two resonances (δ=162.6 and 157.9 
ppm) are well developed already for 
short CP contact times (τc), a third 
resonance (δ=168.0 ppm) evolves for 
τc=10 ms (Figure 2c). In direct 
excitation (Figure 2a) all three 
signals show an intensity ratio of 1:1:1, which demonstrates that two thirds of the C entities 
have significantly closer contact to 
protons. The splitting of the NH 
resonances in the 15N MAS (Figure 1) 
as well in the 13C MAS (Figure 2) 
NMR spectra is consistent with the 
Li+/H+ ion disorder observed in the 
channels of the PTI/Li+Cl− structure 
model (see below). From derivation of 
the intensity ratio of the 15N MAS 
measurement with direct excitation, the 
disorder seems to involve a partial 
deprotonation of imide units (roughly 
one of three NH groups). While the 13C 
resonances at δ=162.6 and 157.9 ppm 
with the faster polarization buildup 
 
Figure 3. 15N 2D-fp-RFDR experiment for a mixing time of 
80 ms to probe the spatial proximity of the NH and NC2 
building units by means of homonuclear spin diffusion. 
 
Figure 2. a) 13C direct excitation spectrum of PTI/Li+Cl− 
(spinning side bands are marked by asterisks); and 13C CP-
MAS NMR spectra recorded with contact times (τc) of b) 0.5 
and c) 10 ms. 
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would belong to C nuclei located next to the protonated triazine N atoms differentiated only 
by their Li+ environment, C species adjacent to nonprotonated ring N atoms would exhibit the 
resonance at δ=168 ppm. 
To probe the homogeneity of PTI/Li+Cl− on the nanometer scale, a 15N 2D-fp-RFDR (finite 
pulse radio-frequency-driven dipolar recoupling) experiment with a mixing time of 80 ms was 
collected (Figure 3). It allows the analysis of the spatial proximity of 15N nuclei based on 
radio-frequency-driven homonuclear spin diffusion. In a 15N fp-RFDR spectrum of a 15N-
enriched compound, cross intensities (off-diagonal signals) develop when the nuclei are 
sufficiently close to each other (5–10 Å). In Figure 3, cross peaks are observed between all 
nitrogen resonances depicted in the 1D MAS spectrum (Figure 1), which is a strong indication 
of the homogeneity of the sample. Whereas the cross correlation between the NH groups and 
the NC2 units of the triazine rings is already well developed for a mixing time of 80 ms, the 
cross peaks between both NH signals just start emerging (Figure 3). This suggests that the 
mean NH–NH distance is significantly longer (by roughly 40 to 50 %) than the average NC2–
NH distance. Since the splitting of the NH resonances is caused by Li+/H+ disorder, this 
allows the characteristic length scale for the disorder to be placed below 4 Å. 
 
IR spectroscopy  
The FTIR spectrum of the product is displayed in Figure 4. The width of the bands is 
characteristic of networks as single 
absorptions are difficult to resolve. 
Nevertheless, the resolution of the IR 
spectra is high enough to be indicative 
of an at least partially ordered 
material. Due to the sharp band at 
about 810 cm−1 that can be assigned to 
ring-sextant out-of-plane bending 
vibrations, triazine or heptazine units 
are likely to be the elementary building 
blocks of this material.[24,45,53,54] 
 
Figure 4. FTIR spectrum of PTI/Li+Cl− recorded as a KBr 
pellet between 400 and 4000 cm−1. 
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Although a differentiation between both ring systems cannot be made by FTIR spectroscopy, 
the exclusion of heptazine units by solid-state NMR spectroscopy relates this signal to triazine 
building blocks. The linkage of these ring systems by NH groups is proven by the presence of 
the prominent absorption bands in the 1200–1400 cm−1 region that have been shown to be 
characteristic for the C-NH-C unit in melam and melon.[24,55–59] According to the 15N NMR 
spectroscopy data, absorptions found in the N H stretching region near 3310 and 3200 cm−1 
were exclusively assigned to NH groups, with the splitting (with an intensity ratio of the two 
bands of approximately 1:2 being consistent with 15NMR spectroscopic data) being evoked by 
Li+/H+ ion disorder in the channels of the PTI/Li+Cl− structure (see below). The broadness of 
the signals as well as the absence of NH2 groups corroborate the existence of a highly 
condensed network. 
 
Electron microscopy  
Scanning electron microscopy 
images (Figure 5) gave a deeper 
insight into the morphology of 
the product. Its micro- and 
nanocrystalline character is 
shown by the formation of 
hollow tubes with a diameter of 
about 1 µm and a length of 
several micrometers. Energy 
dispersive X-ray analysis 
(EDX) investigations for semiquantitative analysis proved the equal distribution of the molar 
ratio C/N as well as the ubiquitous presence of chlorine. 
The small crystallite size apparent from SEM images excludes a structure elucidation by 
single-crystal X-ray diffraction. For such materials, transmission electron microscopy (TEM) 
and electron diffraction (ED) are valuable tools to provide structural insights. TEM images 
(Figure 6) reveal the microtubules as an oriented assembly of hexagonal prismatic crystallites 
(diameter about 50 nm, in agreement with estimated crystallite sizes from the powder XRD 
 
Figure 5. Characteristic SEM images of PTI/Li+Cl− taken from various 
sample regions. The images reveal the microcrystalline character of 
the sample in the form of hollow tubes. 
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results) with the hexagonal 
axis of the crystallites being 
parallel to the long axis of the 
microtubules. 
HRTEM images (Figure 7, 
left) suggest a hexagonal 
symmetry of the prisms. 
Electron diffraction (Figure 7, 
right) confirmed the hexagonal 
symmetry with a hexagonal lattice parameter a=855  pm. Despite the arrangement of most 
hexagonal prisms along a preferred orientation, diffraction patterns of different orientations 
were recorded (Figure 8). The 
broadening of reflections 
observed in the h0l plane is 
caused by rotational disorder 
because of slightly tilted 
domains. However, most 
diffraction patterns show very 
sharp symmetric peaks that 
render disordered structures 
quite unlikely. 
The SAED pattern of the h0l plane shows the well-defined stacking of layers perpendicular to 
the hexagonal axis with an 
interplanar layer distance of 
330 pm being typical for a 
graphite-like stacking. Together 
with the hexagonal intensity 
distribution along the [001] 
zone axis this feature allows the 
classification of the material as 
a member of the wide class of 
 
Figure 6. TEM images of PTI/Li+Cl− showing hexagonal prisms on 
the nanometer length scale. 
 
Figure 7. Left: HRTEM image of PTI/Li+Cl−; right: SAED pattern of 
the hk0 plane, both showing the hexagonal array of lattice planes in 
[001] orientation. 
 
Figure 8. SAED patterns of the h0l plane (left) and the hhl plane 
(right), both showing the systematic absence 00l: l=2n+1. 
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graphite-like CN compounds considered as intermediates on the way to graphitic carbon 
nitride.[24,28,36,43] 
Evaluation of the observed systematic absences in the h0l and the hhl plane (00l: l=2n+1, 
Figure 8) suggests the presence of a 63 axis, which renders a heptazine-based structure model 
quite unlikely. The 63-symmetry operation and the determined hexagonal lattice parameter 
cannot be aligned with the metric of a heptazine-based structure model with appropriate CN 
distances of 120–140 pm. No evidence for corrugated layers (as recently predicted for 
graphitic carbon nitride networks)[47,60] that could allow the presence of heptazine units has 
been obtained from HRTEM images, nor from electron diffraction (ED) patterns. 
By taking into account some promotive factors (i.e., the light atom structure and the planarity 
of the layers), a structure solution based on electron diffraction data (52 independent 
reflections) was possible. Although the kinematical approximation Ihkl∝|Fhkl|2 could only be 
used with constraints due to the sample thickness, a triazine-based structure model analogous 
to PHI[43] with a figure of merit of 24 % was elucidated by using SIR-97.[61] All carbon and 
nitrogen atoms could be located with reasonable bond angles and lengths. In conjunction with 
information from ED data (lattice parameters, symmetry operations) this structure model 
made important contributions to the structure solution from powder XRD data. 
Electron energy-loss spectroscopy (EELS) provides the capability to examine the presence of 
light elements on the nanometer scale. EELS spectra of hexagonal nanoprisms (Figure 9) 
confirm the presence of lithium and chlorine in these nanocrystals with ionization edges at an 
energy loss of 60 eV (LiK) 
and 200-240 eV (ClL2,3), 
respectively. Therefore, the 
very existence of the ions as 
residual salt in the bulk can 
be excluded; both the lithium 
and chloride ions have to be 
part of the crystal structure as 
they were found in the nano-
crystals. Carbon- and nitrogen-K ionization edges at 290 and 410 eV are consistent with the 
triazine-based structure model from ED data as both regions show sharply defined π* and σ* 
 
Figure 9. EELS spectra of a hexagonal prism, showing lithium-, carbon-, 
and nitrogen-K ionization edges as well as chlorine-L ionization edges. 
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fine structural features that are characteristic for sp2-hybridized carbon and nitrogen atoms in 
graphite-like structures.[62–65] 
 
Structure solution and refinement 
Figure 10 displays the powder X-ray diffraction pattern (PXRD) of PTI/Li+Cl−. With its 
strongest reflection indexed as 002 by analogy to graphite it is indicative of a layered 
compound with an interlayer 
spacing of 3.36 Å.[1,31,33,36,53,54] 
Contrary to almost all CN 
condensation products obtained 
so far, PTI/Li+Cl− exhibits a 
number of well-resolved and 
intense X-ray reflections, 
thereby indicating the high 
crystallinity induced by the salt 
melt technique. The 
broadening of single 
reflections can be assigned to 
the nanocrystalline character of the sample. An evaluation of the PXRD data using the 
Scherrer equation yielded crystallite sizes between 30 and 60 nm.[66] 
The high crystallinity of PTI/Li+Cl− allowed 
for a structure solution by direct methods 
from the X-ray diffraction pattern, which 
yielded a layered, triazine-based structure 
model corroborating the structure solution 
from ED data for the bulk material. After 
introducing further information from solid-
state NMR and FTIR spectroscopy as well as 
electron diffraction and HRTEM 
investigations, a Rietveld refinement of the X-
Table 1. Crystallographic data of the structure 
solution and refinement of PTI/Li+Cl-. 
space group P63cm (No. 185) 
T [K] 293 
a [Å] 8.4684(10) 
c [Å] 6.7502(9) 
V [Å3] 419.21(9) 
diffraction range 0° ≤ 2θ ≤ 75° 
no. data points 1726 
observed reflections 52 
independent parameters 92 
GOF 5.035  
R indices (all data) [%] Rp = 4.177, wRp = 5.937 
 
 
Figure 10. Rietveld refinement of the X-ray diffraction data for 
PTI/Li+Cl−. Measured data are indicated by crosses, refined data and 
the difference profile are given as solid lines. Bragg peaks are 
indicated by vertical bars. 
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ray diffraction pattern was carried out (Figure 10). Details regarding the data collection and 
refinement are summarized in Table 1. 
Poly(triazine imide) (PTI), a structural analogue to poly(heptazine imide),[43] comprises an 
infinite 2D network of triazine units that are condensed by means of NH bridges (Figure 11). 
With its triazine-based structure corroborated by solid-state NMR spectroscopy, PTI forms a 
contrast to many other high-temperature condensation CN networks built up from heptazine 
units.[24, 36, 43] We assume that the utilization of salt melts destabilizes or even decomposes 
heptazine units at higher temperatures, since even the use of heptazine-based precursors like 
melem[45] leads to the formation of triazine-based PTI at 600 °C. 
Regarding the 2D organization of its 
C/N/H network, PTI bears a clear 
resemblance to C6N9H3⋅HCl.[28] However, 
the stacking order of the latter Li-free 
compound results in an overlap of the Cl−-
containing voids, whereas the voids of the 
layers of PTI/Li+Cl− are stacked upon each 
other forming channels along the c axis by 
ABA stacking, which yields a zeolite-like 
porous motif. Due to its smaller pore size 
than PHI, the channels in PTI are filled 
with Li+ and Cl− ions according to 
elemental analysis, ICP, and EELS 
measurements. In parallel projection, 
resemblance with the NPO zeolite 
structure type is apparent. Accordingly, 
Cl− ions are placed in the center of the 
channels and Li+ ions surrounded by two 
Cl− and two N atoms in a tetrahedral 
arrangement occupy the inner walls of the channels.[67] Figure 11 displays a 2D projection of 
the crystal structure of PTI with Li+ and Cl− intercalation (PTI/Li+Cl−). We assume that the 
almost planar arrangement of the layers (Figure 12) confirmed by ED data arises from 
 
Figure 11. Parallel projection of the structure of 
PTI/Li+Cl−. Top: One layer with lithium, carbon, and 
nitrogen atoms in a plane and chlorine atoms shifted by 
(001/4). The depicted Li+ positions have an occupancy of 
1/3. Bottom: Projection of layers with ABA stacking, 
leading to the formation of channels along the c axis. 
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conjugation within the layers and the intercalation of salt ions. Additionally, the interlayer 
spacing of 3.36 Å determined from the strongest reflection in the PXRD indexed as 002 by 
analogy with graphite is significantly higher than in other graphite-like CN condensation 
products. Compared with melon (3.19 Å), PHI (3.20 Å), and C6N9H3⋅HCl (3.21 Å)[24,28,43] this 
enlargement can be attributed to the incorporation of Cl− ions, the effective ionic radii (3.34 
Å) of which require a widening by more than 0.1 Å. Owing to spatial reasons the Cl− ions are 
shifted by (00 1/4) to the CN layers as Li+ ions occupy the voids coplanar with the C and N 
atoms. 
An exact determination of the Li+ 
positions turned out to be difficult due to 
the elusive nature of Li regarding most 
crystallographic and analytical methods. 
By taking into account appropriate 
distances of Li–N and Li–Cl the position 
at the inner walls of the channels is the 
most reasonable localization for the Li+ 
ions. A difference Fourier synthesis after 
refinement of the CN network and the Cl− 
atoms corroborated this consideration by 
showing blurred electron density along 
the channels with maxima at the height of the CN layers. This implies a partial occupancy of 
the Li+ sites that was corroborated by structure refinement. Full occupancy of the Li+ 
positions shown in Figure 11 is not possible with respect to charge compensation. 
As shown above, PTI/Li+Cl− provides another example of a successful structure solution 
including complementary diffraction and spectroscopic methods. Whereas the structure of the 
triazine-based CN “backbone” and the stacking order as well as the position of the chloride 
ions were clearly determined, the position and distribution of H and Li atoms is not yet 
unequivocal. Both NMR and IR spectroscopic data suggest Li+/H+ ion disorder in the 
channels of the PTI/Li+Cl− structure model involving partial deprotonation of imide units. The 
ratio Ntert/NH of 3.6:1 as determined by 15N direct excitation measurements indicates the 
deprotonation of two imide groups per unit cell, which yields approximately the molar ratio 
 
Figure 12. ABA stacking of layers in PTI/Li+Cl− along 
the c axis with a nearly planar arrangement. 
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Ntert/NH given above. Substitution of the protons by Li+ causes a certain phase width, which 
results in the formula [(C3N3)2(NHxLi1−x)3⋅LiCl]. By combination of the Li+/H+ disorder and 
the partial occupancy of the Li+ sites the signal splitting and the intensity ratio in both 15N and 
13C MAS NMR spectra and the FTIR spectrum are consistent with the structure model 
presented. Based on the fp-RFDR experiments (Figure 3), the proximity of the individual NH 
groups was estimated to be smaller than 4 Å, which suggests a local disorder within the 
channels in contrast to the formation of small domains. The disorder pattern will be the 
subject of further investigations including advanced NMR spectroscopy experiments and 
theoretical calculations. 
 
4.1.3 Conclusion 
 
With poly(triazine imide) we present a triazine-based CN network, the high crystallinity of 
which enabled a structure solution by X-ray diffraction methods. Prepared from 
dicyandiamide condensed in a eutectic mixture of LiCl and KCl, brownish PTI/Li+Cl− 
crystallizes in the hexagonal space group P63cm with cell parameters of a=846.82(10) and 
c=675.02(9)  pm, as determined by HRTEM investigations and electron and powder X-ray 
diffraction. As proved by solid-state NMR and FTIR spectroscopy, the 2D layered compound 
is composed of imide-bridged triazine units yielding a partly condensed 2D network with 
triangular voids, thereby excluding the heptazine-based structure model recently proposed for 
the same compound that was assumed to be g-C3N4.[38] The 3D examination of PTI/Li+Cl− 
exhibits a zeolite-like porous motif as the Li+- and Cl−-filled voids of these layers are stacked 
upon each other forming channels along the c axis. The intercalation of ions results in an 
augmented CN layer distance of 336 pm and an almost planar arrangement of the layers. 
The fact that PTI, contrary to most other CN compounds synthesized at high 
temperatures,[24, 36, 43] is not built up from heptazine building blocks, raises the question as to 
the unexpected stability of triazine units under these synthetic conditions, since even the use 
of heptazine-based precursors like melem[45] leads to the formation of triazine-based PTI. Just 
recently, investigations regarding the stability of the heptazine-based compound melon in 
potassium and sodium cyanate melts have shown the same decomposition behavior, thereby 
yielding the corresponding tricyanomelaminate ions;[68] this renders the temperature-
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dependence of the degradation of heptazine units and the stabilization of triazine units in salt 
melts important research topics for the future. 
As CN networks gain more and more attention for their catalytic and electronic 
properties[15,69–71] an investigation of the potential of this material is highly desirable. The 
intercalation of ions in CN compounds holds the key for tunable bandgap sizes to create 
promising candidates for organic semiconductors. In this context, disorder phenomena, 
concerning the H/Li distribution in the channels and the insertion of other ions by ion 
exchange, for instance, will be studied. Other investigations will focus on ion conductivity of 
these systems or their application in optoelectronics. Beyond that, the structural investigation 
of this material that has the same composition as melon with regard to the C/N/H framework 
sheds new light on the old discussion of heptazine or triazine units being the building blocks 
of highly condensed CN networks. Providing a better understanding and control of 
condensation processes, ionothermal synthetic strategies and their products such as 
PTI/Li+Cl− represent important intermediate steps on the way to the still hypothetical graphitic 
carbon nitride. 
 
4.1.4 Experimental Section 
 
Synthesis of PTI/Li+Cl−  
Dicyandiamide (0.200 g, 2.38 mmol) and a eutectic mixture of lithium chloride (59.2 mol %, 
0.904 g, 21.33 mmol) and potassium chloride (40.8 mol %, 1.096 g, 14.70 mmol) were ground 
together in a glovebox. The reaction mixture was transferred into a dried thick-walled silica 
glass tube (øext.=15 mm, øint.=11 mm). The tube was placed in a vertical tube furnace and 
heated under atmospheric argon pressure at 6 K min−1 to 400 °C. This temperature was held 
for 12 h and afterwards the sample was cooled to room temperature at 6 K min−1. After this 
procedure the tube was evacuated and sealed at a length of 120 mm with a hydrogen–oxygen 
burner. The resulting ampoule was again placed in a vertical tube furnace and heated at 10 
K min−1 to 600 °C at which temperature the sample was held for 48 h. After being cooled 
down to room temperature (8 K min−1) the ampoule was carefully broken, and the sample was 
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isolated and washed twice with boiling water to remove residual salt. The resulting material 
was dried at 200 °C/5×10−4 mbar to yield PTI/Li+Cl− as a brown powder (60–80 mg, 37-50 %).  
IR (KBr): ν~ = 3312 (w), 3198 (w), 1574 (m), 1479 (m), 1378 (s), 1314 (s), 1289 (s), 1187 (w), 
810 (w), 786 (w), 660 cm−1 (vw); elemental analysis calcd (%) for [(C3N3)2(NH)3⋅LiCl]: C 
29.59, H 1.24, N 51.76, Cl 14.56, Li 2.85; found: C 29.6, H 1.3, N 50.4, Cl 11.0, Li 4.6. 
General techniques 
Elemental analyses were performed on a commercial C, H, N, Cl Vario EL elemental analyzer 
system (Elementar Analysensysteme GmbH). Lithium quantification was performed by 
atomic emission spectrophotometry with inductively coupled plasma (ICP-AES) on a Varian-
Vista simultaneous spectrometer. FTIR measurements were carried out on a Bruker IFS 66v/S 
spectrometer. Spectra of the samples were recorded in an evacuated cell at ambient conditions 
between 400 and 4000 cm−1 after diluting the samples in KBr pellets (2 mg sample, 300 mg 
KBr, hand press with press capacity 10 kN). Scanning electron microscopy was performed on 
a JEOL JSM-6500F equipped with a field emission gun at an acceleration voltage of 4 kV. 
Samples were prepared by putting the powder specimen on adhesive conductive pads and 
subsequently coating them with a thin conductive carbon film. 
Powder X-ray diffraction data were collected in Bragg–Brentano geometry on a Bruker D8 
Discover diffractometer (Göbel mirrors, CuKα1 radiation, λ=154.18 pm). The structure was 
solved by direct methods with the EXPO program package[72] and refined in space group 
P63cm using the program TOPAS.[73] Further details of the crystal structure investigations can 
be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, 
Germany (fax: (+49) 7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
karlsruhe.de/request_for_deposited_data.html) on quoting the depository number CSD-
422088. 
Solid-state NMR spectroscopy 
 
13C and 15N MAS solid-state NMR spectra were recorded at ambient temperature on the 
conventional impulse spectrometer Avance II 300 (Bruker) operating at proton resonance 
frequencies of 75.5 (13C) and 30.4 MHz (15N). The samples were contained in 3.2, 4, and 7 
mm ZrO2 rotors that were mounted in standard double-resonance MAS probes (Bruker). The 
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13C signals were referenced with respect to TMS and 15N signals were referenced relative to 
nitromethane. For all experiments broadband proton decoupling using the SPINAL64 
sequence was applied. The CP experiments were conducted with a ramped cross-polarization 
sequence by decreasing the 1H pulse power linearly by 50 %. The 15N CPPI experiment was 
made at a rotation frequency of 3.9 kHz and an initial contact time of 12 ms, whereas for the 
15N fp-RFDR experiment the rotation frequency was 22.222 kHz and the contact time was 20 
ms. During the mixing time of 79.92 ms, 180° pulses on the 15N channel were applied at every 
middle third of a rotation period to recouple the dipolar interaction between 15N nuclei. The 
ratio of tertiary nitrogen atoms to NH atoms was calculated by means of a 15N measurement 
with direct excitation. To ensure equilibrium conditions the 15N-enriched sample was 
measured with a recycle delay of 7200 s and 8 scans. 
Electron diffraction/transmission electron microscopy/EELS measurements  
ED and TEM measurements were carried out on a FEI Titan 80-300 equipped with a field 
emission gun operating at 300 kV. The images were recorded using a Gatan UltraScan 1000 
(2k×2k) camera. EELS was performed in diffraction mode at 300 kV on a post-column filter 
(GIF Tridiem 863). The sample was finely dispersed by sonication in a ethanol suspension, 
and a small amount of the suspension was subsequently dispersed on a copper grid coated 
with carbon film. The grids were mounted on a double-tilt holder with a maximum tilt angle 
of 30° and subsequently transferred to the microscope. Reflection intensities were extracted 
using the ELD program package.[74, 75] The observed absence 00l: l=2n+1 indicates the 
presence of a 63 axis. The most probable solution as found by SIR-97[61] had a figure of merit 
of 24 %. 
Acknowledgements 
We gratefully acknowledge financial support that was granted from the Deutsche 
Forschungsgemeinschaft (DFG) (project SCHN 377/12 and SE 1417/2) and from the Fonds 
der Chemischen Industrie (FCI) (scholarship for E.W.) The authors thank the Center for 
Nanoscience and the Cluster of excellence Nanosystems Initiative Munich (NIM) for financial 
support. 
  
  
 
Chapter 4: Poly(triazine Imide) – Structure, Properties and Possible Applications 
 
64 
 
 
4.1.5 Bibliography 
 
[1] E. Kroke, M. Schwarz, Coord. Chem. Rev. 2004, 248, 493-532. 
[2] W. Schnick, Angew. Chem. 1993, 105, 846-858; Angew. Chem. Int. Ed. Engl. 1993, 
32, 806-818. 
[3] W. Schnick, Angew. Chem. 1999, 111, 3511-3512; Angew. Chem. Int. Ed. 1999, 38, 
3309-3310. 
[4] A. Y. Liu, M. L. Cohen, Science 1989, 245, 841-842. 
[5] A. Y. Liu, M. L. Cohen, Phys. Rev. B 1990, 41, 10727-10734. 
[6] A. Y. Liu, R. M. Wentzcovitch, Phys. Rev. B 1994, 50, 10362-10365. 
[7] C.-M. Sung, M. Sung, Mater. Chem. Phys. 1996, 43, 1-18. 
[8] D. M. Teter, R. J. Hemley, Science 1996, 271, 53-55. 
[9] E. Horvath-Bordon, R. Riedel, P. F. McMillan, P. Kroll, G. Miehe, P. A. van Aken, A. 
Zerr, P. Hoppe, O. Shebanova, I. McLaren, S. Lauterbach, E. Kroke, R. Boehler, 
Angew. Chem. 2007, 119, 1498-1502; Angew. Chem. Int. Ed. 2007, 46, 1476-1480. 
[10] A. Thomas, A. Fischer, F. Goettmann, M. Antonietti, J.-O. Müller, R. Schlögl, J. M. 
Carlsson, J. Mater. Chem. 2008, 18, 4893-4908. 
[11] F. Goettmann, A. Fischer, M. Antonietti, A. Thomas, Chem. Commun. 2006, 4530-
4532. 
[12] F. Goettmann, A. Fischer, M. Antonietti, A. Thomas, New. J. Chem. 2007, 31, 1455-
1460. 
[13] F. Goettmann, A. Thomas, M. Antonietti, Angew. Chem. 2007, 119, 2773-2776; 
Angew. Chem. Int. Ed. 2007, 46, 2717-2720. 
[14] J. Zhang, X. Chen, K. Takanabe, K. Maeda, K. Domen, J. D. Epping, X. Fu, M. 
Antonietti, X. Wang, Angew. Chem. 2010, 122, 451-454; Angew. Chem. Int. Ed. 2010, 
49, 441-444. 
[15] X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J. M. Carlsson, K. Domen, M. 
Antonietti, Nat. Mater. 2009, 8, 76-80. 
[16] Y. Zhang, A. Thomas, M. Antonietti, X. Wang, J. Am. Chem. Soc. 2009, 131, 50-51. 
[17] Y. Zhang, M. Antonietti, Chem. Asian J. 2010, 5, 1307-1311. 
  
 
Chapter 4: Poly(triazine Imide) – Structure, Properties and Possible Applications 
 
65 
 
[18] E. C. Franklin, J. Am. Chem. Soc. 1922, 44, 486-509. 
[19] J. Liebig, Ann. Chem. Pharm. 1834, 10, 1. 
[20] C. E. Redemann, H. J. Lucas, J. Am. Chem. Soc. 1940, 62, 842-846. 
[21] H. May, J. Appl. Chem. 1959, 9, 340-344. 
[22] L. Costa, G. Camino, G. Martinasso, Polym. Prepr. (Am. Chem. Soc., Div. Polym. 
Chem.) 1989, 30, 531-533. 
[23] L. Pauling, J. H. Sturdivant, Proc. Natl. Acad. Sci. U.S.A. 1937, 23, 615-620. 
[24] B. V. Lotsch, M. Döblinger, J. Sehnert, L. Seyfarth, J. Senker, O. Oeckler, W. 
Schnick, Chem. Eur. J. 2007, 13, 4969-4980. 
[25] E. Kroke, M. Schwarz, E. Horvath-Bordon, P. Kroll, B. Noll, A. D. Norman, New. J. 
Chem. 2002, 26, 508-512. 
[26] D. Foy, G. Demazeau, P. Florian, D. Massiot, C. Labrugère, G. Goglio, J. Solid State 
Chem. 2009, 182, 165-171. 
[27] J. Ortega, O. F. Sankey, Phys. Rev. B 1995, 51, 2624-2627. 
[28] Z. Zhang, K. Leinenweber, M. Bauer, L. A. J. Garvie, P. F. McMillan, G. H. Wolf, J. 
Am. Chem. Soc. 2001, 123, 7788-7796. 
[29] G. Goglio, D. Foy, G. Demazeau, Mater. Sci. Eng. R 2008, 58, 195-227. 
[30] H. Montigaud, B. Tanguy, G. Demazeau, I. Alves, S. Courjault, J. Mater. Sci. 2000, 
35, 2547-2552. 
[31] I. Alves, G. Demazeau, B. Tanguy, F. Weill, Solid State Commun. 1999, 109, 697-
701. 
[32] M. C. dos Santos, F. Alvarez, Phys. Rev. B 1998, 58, 13918-13924. 
[33] M. Kawaguchi, K. Nozaki, Chem. Mater. 1995, 7, 257-264. 
[34] Q. Guo, Y. Xie, X. Wang, S. Lu, T. Hou, X. Liu, Chem. Phys. Lett. 2003, 380, 84-87. 
[35] S. Muhl, J. M. Mendez, Diamond Relat. Mater. 1999, 8, 1809-1830. 
[36] T. Komatsu, J. Mater. Chem. 2001, 11, 802-805. 
[37] T. Malkow, Mater. Sci. Eng. A 2001, 302, 311-324. 
[38] M. J. Bojdys, J.-O. Müller, M. Antonietti, A. Thomas, Chem. Eur. J. 2008, 14, 8177-
8182. 
[39] J. Stenzel, W. Sundermeyer, Chem. Ber. 1967, 100, 3368-3370. 
[40] W. Sundermeyer, Z. Anorg. Allg. Chem. 1961, 313, 290-295. 
  
 
Chapter 4: Poly(triazine Imide) – Structure, Properties and Possible Applications 
 
66 
 
[41] W. Sundermeyer, Angew. Chem. 1965, 77, 241-258; Angew. Chem. Int. Ed. Engl. 
1965, 4, 222-238. 
[42] W. Verbeek, W. Sundermeyer, Angew. Chem. 1967, 79, 860-861; Angew. Chem. Int. 
Ed. Engl. 1967, 6, 871-872. 
[43] M. Döblinger, B. V. Lotsch, J. Wack, J. Thun, J. Senker, W. Schnick, Chem. Commun. 
2009, 1541-1543. 
[44] A. Sattler, L. Seyfarth, J. Senker, W. Schnick, Z. Anorg. Allg. Chem. 2005, 631, 2545-
2554. 
[45] B. Jürgens, E. Irran, J. Senker, P. Kroll, H. Müller, W. Schnick, J. Am. Chem. Soc. 
2003, 125, 10288-10300. 
[46] L. Seyfarth, J. Sehnert, N. El-Gamel, W. Milius, E. Kroke, J. Breu, J. Senker, J. Mol. 
Struct. 2008, 889, 217-228. 
[47] J. Sehnert, K. Baerwinkel, J. Senker, J. Phys. Chem. B 2007, 111, 10671-10680. 
[48] A. Sattler, Diploma thesis, Ludwig-Maximilians-University Munich (Germany), 2005. 
[49] J. Gracia, P. Kroll, J. Mater. Chem. 2009, 19, 3013-3019. 
[50] J. R. Holst, E. G. Gillan, J. Am. Chem. Soc. 2008, 130, 7373-7379. 
[51] B. Jürgens, Ph. D. thesis, Ludwig-Maximilians-University Munich (Germany), 
Shaker, Aachen, 2004. 
[52] G. C. Levy, R. L. Lichter, G. L. Nelson, in Carbon-13 Nuclear Magnetic Resonance 
Spectroscopy, John Wiley & Sons Ltd., New York, Chichester, Brisbane, Toronto, 
1980.  
[53] B. V. Lotsch, W. Schnick, Chem. Mater. 2006, 18, 1891-1900. 
[54] B. V. Lotsch, W. Schnick, Chem. Mater. 2005, 17, 3976-3982. 
[55] A. I. Finkel'shtein, Opt. i Spektr. 1959, 6, 33-37. 
[56] A. I. Finkel'shtein, N. V. Spiridonova, Russ. Chem. Rev. 1964, 33, 400-405. 
[57] B. V. Lotsch, W. Schnick, Chem. Eur. J. 2007, 13, 4956-4968. 
[58] M. Takimoto, Kogyo Kagaku Zasshi 1961, 64, 1452-1455. 
[59] M. Takimoto, Nippon Kagaku Zasshi 1964, 85, 168-176. 
[60] D. T. Vodak, K. Kim, L. Iordanidis, P. G. Rasmussen, A. J. Matzger, O. M. Yaghi, 
Chem. Eur. J. 2003, 9, 4197-4201. 
  
 
Chapter 4: Poly(triazine Imide) – Structure, Properties and Possible Applications 
 
67 
 
[61] A. Altomare, M. C. Burla, M. Camalli, G. L. Cascarano, C. Giacovazzo, A. 
Guagliardi, A. G. G. Moliterni, G. Polidori, R. Spagna, J. Appl. Crystallogr. 1999, 32, 
115-119. 
[62] C. Cao, F. Huang, C. Cao, J. Li, H. Zhu, Chem. Mater. 2004, 16, 5213-5215. 
[63] H. L. Chang, C. M. Hsu, C. T. Kuo, Appl. Phys. Lett. 2002, 80, 4638-4640. 
[64] M. Terrones, N. Grobert, H. Terrones, Carbon 2002, 40, 1665-1684. 
[65] P. Moreau, F. Boucher, G. Goglio, D. Foy, V. Mauchamp, G. Ouvrard, Phys. Rev. B 
2006, 73, 195111/1-195111/11. 
[66] A. Guinier, in X-Ray Diffraction in Crystals, Imperfect Crystals, and Amorphous 
Bodies, Dover Publications, New York, 1994, pp. 121-125. 
[67] S. Correll, O. Oeckler, N. Stock, W. Schnick, Angew. Chem. 2003, 115, 3674-3677; 
Angew. Chem. Int. Ed. 2003, 42, 3549-3552. 
[68] A. Sattler, W. Schnick, Eur. J. Inorg. Chem. 2009, 4972-4981. 
[69] D. Mitoraj, H. Kisch, Angew. Chem. 2008, 120, 10123-10126; Angew. Chem. Int. Ed. 
2008, 47, 9975-9978. 
[70] D. Mitoraj, H. Kisch, Chem. Eur. J. 2010, 16, 261-269. 
[71] X. Wang, K. Maeda, X. Chen, K. Takanabe, K. Domen, Y. Hou, X. Fu, M. Antonietti, 
J. Am. Chem. Soc. 2009, 131, 1680-1681. 
[72] A. Altomare, M. C. Burla, M. Camalli, B. Carrozzini, G. L. Cascarano, C. 
Giacovazzo, A. Guagliardi, A. G. G. Moliterni, G. Polidori, R. Rizzi, J. Appl. 
Crystallogr. 1999, 32, 339-340. 
[73] A. Coelho, TOPAS Academic, v4.1, Coelho Software, Brisbane, 2007. 
[74] X. Zou, Y. Sukharev, S. Hovmöller, Ultramicroscopy 1993, 49, 147-158. 
[75] X. Zou, Y. Sukharev, S. Hovmöller, Ultramicroscopy 1993, 52, 436-444. 
 
 
 
  
  
 
Chapter 4: Poly(triazine Imide) – Structure, Properties and Possible Applications 
 
68 
 
 
4.2 Bandgap Determination of PTI/LiCl 
 
All bandgap calculations and XAS/XES measurements in this subsection were carried out by 
Eamon McDermott (University of Saskatchewan, Canada, advisor: Prof. Dr. A. Moewes) and 
were also published as part of his master thesis. 
EELS measurements were conducted by Kulpreet S. Virdi (LMU Munich, advisor: Prof. Dr. 
C. Scheu) and Yaron Kauffmann and Wayne D. Kaplan (Technion – Israel Institute of 
Technology, Haifa, Israel). 
 
 
Band gap tuning in poly(triazine imide)  - a nonmetallic photocatalyst 
 
Eamon McDermott, Eva Wirnhier, Wolfgang Schnick, Kulpreet Singh Virdi, Christina 
Scheu, Yaron Kauffmann, Wayne D. Kaplan, Ernst Z. Kurmaev and Alexander Moewes 
 
published in: J. Phys. Chem. C 2013, 117, 8806-8812; DOI: 10.1021/jp4002059 
Keywords: carbon nitrides; water splitting; X-ray spectroscopy; DFT; layered compounds 
Abstract: We have used a combination of X-ray and electron energy-loss spectroscopies 
along with DFT calculations to investigate the electronic structure of PTI/LiCl, a graphitic 
carbon nitride-type material with LiCl intercalation shown to photocatalyze the water-splitting 
reaction. The material is shown to have a band gap that is tunable with LiCl loading, with a 
minimum gap of 2.2 eV when fully loaded. This suggests that PTI/LiCl may be further 
optimized through control of their LiCl loading, and shows that graphitic carbon nitride-type 
materials can be chemically tuned to improve their photocatalytic activity. 
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4.2.1 Introduction 
 
 
Graphitic carbon nitride-type materials are an emerging class of functional semiconductors 
which have recently drawn considerable attention due to variety of their potential 
applications, including metal-free catalysis,[1] serving as mesoporous templates for metal-
nitride synthesis,[2] optical sensing for metalions[3] and photocatalysis.[4,5] The physical 
properties of these materials are well-suited for use as a water-splitting photocatalyst as they 
are insoluble, as well as physically, photo and thermally stable.[4,6,7] Additionally, graphitic 
carbon nitride-type materials have been shown to enable metal-free photocatalysis, enabling 
hydrogen reduction in water using naturally abundant elements along with light from the 
visible spectrum.[4,5,8] This is in contrast to traditional inorganic photocatalysts, such as TiO2, 
which primarily absorb UV radiation due to their high intrinsic band gap.[9,10] 
 
Modifying the chemical composition and morphology of non-metallic catalysts offers 
considerable flexibility in tuning their physical parameters.[7] For example, theoretical 
predictions show that a heptazine-based graphitic carbon nitride-type structure should be more 
stable than triazine-based structures.[11] However, a highly crystalline triazine-based structure, 
poly(triazine imide) (PTI/LiCl), has been synthesized by condensation of dicyandiamide in a 
eutectic LiCl / KCl salt mixture.[12] As a result of this synthesis route, Li+ and Cl– ions are 
incorporated into the triazine imide network. This raises the possibility of modifying the 
electronic structure of this graphitic carbon nitride-type material by tuning the loading of 
these ions, which may serve to donate or withdraw charge from the primary polymer matrix. 
 
PTI/LiCl as synthesized is a dark brown-colored powder, and exhibits photocatalytic activity 
as measured by H2 evolution.[5] It has also been shown to have a small improvement in 
photoactivity compared to yellow-colored polymeric melon.[13] Practical photocatalytic water 
splitting has to date been limited by a lack of materials having an appropriate conduction band 
edge energy to allow hydrogen reduction, as well as a low enough band gap to generate a 
reasonable photocurrent from the available solar spectrum.[10,14] Therefore a study of the band 
gap and band edge positions of PTI/LiCl is important in understanding this improvement in 
performance. 
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In this work we probe the valence band electronic structure of PTI/LiCl using X-ray Emission 
Spectroscopy (XES) and its conduction band structure using X-ray Absorption Near-Edge 
Spectroscopy (XANES) and electron energy-loss spectroscopy (EELS). XES measures a core-
hole lifetime broadened ground-state valence band partial density of states (DOS), while 
XANES measures a conduction band partial density of states in an excited state caused by the 
transition of a core-level electron to an unoccupied state. By interpreting these experimental 
probes using an electronic structure model, produced using a linearized augmented plane 
wave plus local orbital (LAPW+lo) density functional theory (DFT) code,[15] we estimate the 
band gap of PTI at different levels of LiCl loading. 
 
In the past, characterization of carbon nitrides has been performed by XES and XANES for 
plasma sputtered films.[16,17] These measurements were notable for having much sharper 
spectral features than other carbon-based solids such as graphene or diamond. In addition, 
XES measurements of ion sputtered CNx films demonstrate the dominance of sp2 hybridized 
carbon in these graphitic carbon nitride-type materials, as well as demonstrated the sensitivity 
of XES to the two inequivalent, bulk N sites in these systems (as first demonstrated by 
XPS[18]). The high quality of X-ray spectra for this material class supports the use of these 
techniques in studying related materials such as PTI/LiCl. 
 
The elementally specific band gap derived from X-ray spectroscopy is compared to a band 
gap determined using valence electron energy-loss spectroscopy (VEELS) performed in a 
monochromated transmission electron microscope (TEM). This method has been used to 
determine the band gaps of semiconductors such as Si and GaN[19] and insulators such as 
SiO2.[20] In general, EELS uses a spectrometer to analyze electrons transmitted through a 
sample, and is able to resolve energy losses occurring due to both core and valence level 
electrons being excited into higher energy unoccupied states. By analysing the electron energy 
loss near edge structure (ELNES) associated with elementally-specific absorption edges, a 
wealth of chemical information can be extracted from a sample, such as its oxidation 
state[21,22] and site coordination.[23] Experimental conditions are usually chosen such that 
dipole allowed transitions are probed and dipole forbidden transitions are minimized, 
resulting in measurements that are comparable to XANES. 
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4.2.2 Experimental Section 
 
For the synthesis of PTI/LiCl, dicyandiamide (0.200 g, 2.38 mmol) and a eutectic mixture of 
lithium chloride (59.2 mol%, 0.904 g, 21.33 mmol) and potassium chloride (40.8 mol%, 
1.096 g, 14.70 mmol) were ground together in a glovebox. The reaction mixture was 
transferred into a thick-walled silica glass tube. The tube was heated in a vertical furnace 
under argon atmosphere at a rate of 6 K·min-1 to 400 °C where they were held for 12h. After 
heating, the samples were returned to room temperature at 6 K·min-1. The tube was then 
evacuated and sealed with a hydrogen-oxygen burner at a length of 120 mm. The sealed tube 
was then heated to 600 °C at a rate of 10 K·min-1 and held at this temperature for 48h. The 
sealed tube was again returned to room temperature (8 K·min-1) and the contents washed 
twice with boiling water to remove any residual salt mixture. Finally, the material was dried at 
200 °C under 5 x 10-4 mbar, resulting in 60-80 mg of dark brown powder. Elemental analysis 
of the resulting product is summarized in Table 1. 
 
PTI/LiCl with reduced LiCl content 
was prepared by Soxhlet extraction 
of 500 mg PTI/LiCl with 200 ml 
water for 20, 24 and 72h, giving 
molecular formulas of 
PTI/(LiCl)0.5, PTI/(LiCl)0.25 and PTI/(LiCl)0, respectively. The resulting samples were dried at 
200 °C, 5 x 10-4 mbar to yield brown powders (430 mg to 470 mg (20h) and 400 mg to 
435 mg (72h)). Results from elemental analysis of the products after extraction are also 
summarized in Table 1. 
 
X-ray emission spectroscopy was performed at Beamline 8.0.1 at the Advanced Light Source 
at the Lawrence Berkeley National Laboratory. Beamline 8.0.1 uses a spectrometer with a 
Rowland-circle geometry to resolve X-rays emitted by a sample undergoing excitation by 
synchrotron radiation, achieving a resolving power of E/∆E = 1000. Measured samples were 
mounted at a 30° angle with respect to the incident radiation, while the spectrometer is 
mounted at a 90° angle. The spectrometer entrance and monochromator exit slits were 
Table 1. Elemental Analysis Results of PTI samples. 
Sample (wt.-%) C N H Li Cl 
PTI/LiCl  29.58 50.35 1.30 4.59 10.99 
PTI/(LiCl)0.5  31.25 51.15 2.04 2.08 5.97 
PTI/(LiCl)0.25  31.22 52.23 2.42 1.01 3.00 
PTI/(LiCl)0  32.21 53.72 2.45 0.35 0.00 
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oriented to open and shut in a line perpendicular to the plane of the horizontally polarized 
synchrotron radiation. Non-resonant emission spectra were collected using X-ray beam 
excitation energies above the associated absorption edge of the element in question (C, 
320 eV; N, 420 eV; O, 550 eV). Resonantly excited emission measurements were also 
performed to differentiate between different N sites in the PTI/LiCl samples. The powdered 
samples were mounted using carbon tape to a conductive plate; additional test measurements 
with samples mounted on indium foil showed no contribution from carbon tape to the 
measurements. 
 
X-ray absorption spectroscopy was performed at the spherical grating monochromator (SGM) 
beamline at the Canadian Light Source located at the University of Saskatchewan, Canada. 
Samples were oriented with the incident synchrotron radiation along the surface normal and 
grounded using carbon tape. Absorption total flourescence yield (TFY) was measured using a 
channel plate detector. Total electron yield (TEY) was measured using an ammeter connected 
to the sample ground as X-ray generated secondary electrons left the sample surface. 
 
Transmission electron microscopy was performed on the fully loaded PTI/LiCl powder, 
which was dissolved in ethanol and drop coated onto lacey C coated Cu grids (Plano GmbH, 
Germany). An FEI TITAN 80-300 scanning TEM equipped with a field emission source, 
Gatan Tridiem 866 energy filter, and a Wien-type monochromator was used to perform the 
measurements. The EELS data were acquired in TEM mode using a collection angle of 
9.5 mrad. A dispersion of 0.01 eV/channel was used for VEELS and 0.2 eV/channel was used 
for core-loss measurements of C and N K edges. An energy resolution of 0.19 eV was 
determined using the full width at half maximum of the zero-loss peak (ZLP). A power-law 
function was used to fit the tail of the ZLP for subtraction as used by Erni and Browning.[24] 
The onset of the sample conduction band was determined using two methods: from the 
observed onset after ZLP subtraction and from a linear extrapolation.[20] In addition, for core 
loss excitations, the background of the C and N K edges was subtracted using a power law 
fitting.[25] 
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4.2.3 DFT modeling 
 
Because of the complexity of the physical structure of PTI/LiCl, a model of its electronic 
structure is useful in deconvoluting our experimental measurements. DFT modeling was 
performed using the generalized gradient approximation (GGA) as formulated by Perdew, 
Burke and Ernzerhof as the exchange functional[26] and ignoring van-der-Waals interactions. 
The N K XES measurements in particular have a number of features that originate from the 
inequivalent sites within the crystal unit that are more easily differentiated by using a model. 
Since the occupation scheme of Li and H within the pores of PTI was not known in advance 
from the crystal structure refined from powdered X-ray diffraction (PXRD), it was necessary 
to attempt a number of possible orientations to determine the most stable configuration. As 
the Li average positions were known and FTIR spectroscopy indicated the presence of imide 
linkages between triazine units within, several arrangements of Li+ and H+ could be tested. 
Candidate structures were force-optimized within the constraints of the PXRD lattice 
parameters and the resulting structure was compared to the original PXRD refinement to 
determine fitness. Fitness was also assessed by the ability of the calculation to reproduce a 
band gap lower than our experimental result (as DFT calculations generally underestimate the 
band gap of a semiconductor[27]) as well as to reproduce the valence band features 
experimentally observed in PTI/LiCl. The resulting partial DOS for model low and high LiCl-
loaded structures are shown in Figure 2.  
 
From the PXRD structure, PTI/LiCl is expected to have two inequivalent N sites: sites within 
the triazine ring (N-1) and the imide linkage sites (N-2) that bind to H, as depicted in Figure 
1a. Previous study of PTI/LiCl using NMR[12] also indicates that partial substitution of Li+ for 
H+ in the imide units occurs in the sample at high loading. This substitution is therefore the 
expected method for Li loading above the basic unit cell structure of PTI/LiCl refined from 
PXRD. To model this requires the introduction of two Li per Cl atom in the pores of the 
model and the removal of a H to maintain charge balance. However, there are several possible 
arrangements of this additional Li, and the structural candidate that best balances the repulsive 
forces within the pore was found to be two adjacent Li ions opposed by two NH groups on the 
opposite side of the pore; this arrangement is then reversed on the adjacent PTI layer. As a 
result of this H substitution, an additional inequivalent N site is introduced into the model 
(denoted N-3).  
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  (a) PTI/LiCl PXRD structure.   (b) PTI model at low Li loading. 
       
  (c) PTI/LiCl model at high Li loading. 
         
(d) Location of the N-3 site within the high-Li           (e) Valence electron density about the N-3 site. 
PTI/LiCl structure. 
Figure 1. (a) PTI/LiCl structure derived from PXRD.[12] The inequivalent N-1 and N-2 sites are in magenta and 
red respectively, C in green, Cl in black and Li in blue. (b,c) Structural candidates used for DFT calculations, 
with H in pink. The high Li loading structure (c) was found to agree well with experiment and is used as a model 
for PTI/LiCl at full loading. The structures observe the same AB layer stacking perpendicular to the graphitic 
plane as the PXRD-derived structure. (d,e) In the high-Li loading model, an N-3 site with two neighboring Li 
atoms displays a unique valence electron density. 
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Since the high-loading DFT model contains three inequivalent N sites in different local 
chemical environments, it becomes important to consider the binding energy shift of their 1s 
levels, relative to which we measure valence band X-ray emission. While it would be most 
appropriate to determine this splitting with an XPS measurement, this is precluded by the lack 
of a macroscopic crystal to measure; however our all-electron DFT model can also provide 
relative binding energies between the sites. In the high-Li model, the core level for the N-2 
site has the highest binding energy, followed by the N-1 site 1.3 eV below it, with the N-3 site 
at lowest a binding energy 1.9 eV below the N-1 site. These core level shifts, combined with 
the valence band density of states contributed by each sites, are then responsible for the 
energy position of each N site’s contribution to the measured X-ray spectra. 
 
Of particular interest in the calculated results are the highest-energy N states, which should be 
strongly responsible for photoabsorption, as N 2p sites are also a component of the conduction 
band minimum. The N-3 
site in the high Li 
structural model is an 
imide linkage that has 
had its bonded H 
removed, and is instead 
coordinated with two Li 
sites. The charge density 
about this position 
becomes unique in the 
DFT model, causing a 
splitting of the N 2p 
states and a sharp 
contribution of states just 
below the valence band 
maximum, as shown in 
Figure 2. The existence 
of the N-3 site is 
therefore predicted to 
 
Figure 2. Comparison of the broadened total DOS broken down by element 
for the low Li (top) and high Li (bottom) DFT models. The contribution of N 
states is further split by site, and the Cl contribution is scaled by 1/5 for 
clarity. In both high and low Li loading there is a sharp Cl 2p feature at the 
valence band maximum that weakly hybridizes with C and N 2p states. The 
conduction band minimum consists of hybridized C and N 2p states, with C 
dominating. At high Li loading the conduction band minimum lowers in 
energy by 0.4 eV while the valence band maximum remains essentially 
unchanged. However, the N 2p states split, with N-3 states being pulled to 
higher valence band energy, in agreement with the XES measurements, by an 
apparent hybridization with the higher-energy Cl sites. The dashed lines are 
provided as a visual aid. 
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contribute to an increase in the energy of the valence band maximum of PTI/LiCl versus 
samples with lower LiCl loading, as observed in the XES measurements. More importantly, 
the absolute energy position of the closed shell Cl should be largely insensitive to other 
modifications in the PTI structure, suggesting that Cl loading would serve to pin the valence 
band maximum at a constant energy. 
 
Because of their low binding energy, Cl 2p electrons will occupy the highest energy states in 
the valence band. However, these states are not expected to participate significantly in 
photoabsorption as they will be highly spatially localized at the Cl site, which should have a 
filled 2p shell due to charge transfer from a neighbouring Li site. The Cl site will also not 
have localized unoccupied states at low enough energy to participate in optical transitions, as 
can be observed in Figure 2 where there is negligible contribution of Cl states until orbital 
energy significantly above the conduction band minimum. The presence of these Cl valence 
states at energies above those contributed by the C-N matrix could explain the broad onset of 
optical absorption in PTI.[13] 
 
4.2.4 Experimental Discussion 
 
Soft X-ray emission spectroscopy measures the fluorescence produced by valence band 
electrons transitioning to X-ray excited core holes on a sample under study. By tuning the 
energy of the exciting X-ray, it is possible to excite specific sites within the sample, for 
example by creating a 1s core hole on a C or N site. The 1s levels for the three inequivalent N 
sites are sufficiently separated in energy that the N-3 site can be resonantly excited with an X-
ray energy of 401.5 eV. Excitations below this energy will primarily excite the N-1 site due to 
the structure of the conduction band. The resulting N K resonant emission spectra (RXES, as 
shown in Figure 3), which measure transitions from N 2p  1s states, therefore probe the 
local projected density of valence band states at these two sites, while non-resonant spectra 
probe all N sites simultaneously. The resonantly excited spectra enhance valence band 
features specific to an individual site, particularly at lower binding energies where N and C 2p 
states hybridize to form bonding states. There is additionally a strong resonance feature at 
393.5 eV that emerges when PTI/LiCl is resonantly excited at 401.5 eV, corresponding to a 
maximum in N-3 conduction band states. This resonance feature corresponds to a DOS at the 
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same energy as the N-1 peak at 395 eV; however, the lower binding energy of the N-3 site 1s 
orbital causes this emission to be shifted to lower energy. At reduced LiCl loading the unique 
charge density of the N-3 site is no longer expected to be present in the structure (as NH units 
are more stable), and this is observed in the XES measurement of PTI/LiCl0.5, where this 
feature is largely 
extinguished. The 
presence of this fea-
ture is a good indica-
tor of the agreement 
between our high-
loading DFT model 
and the experimental 
measurements. 
 
Since the C and N K 
XES measurements 
of PTI/LiCl display 
good hybridization 
features, they can be 
aligned on a common 
energy scale in order 
to show the energy 
position of each 
element’s contribution to the valence band, as shown in Figure 4. In this case we have chosen 
a binding energy scale with zero energy coinciding with the experimentally determined 
valence band maximum. The N K XES spectrum extends to the high-energy side of the 
valence band, indicating N contributes more states than C to the valence band maximum. C 
and N K XAS spectra can similarly be aligned to this common energy scale, giving an 
overview of the electronic structure of PTI/LiCl in the vicinity of its band gap. XANES 
spectra are typically shifted downwards in X-ray energy by the presence of the core-hole in 
the final state of the XANES measurement. It has been shown that DFT models can 
accurately estimate this excitonic shift in a single particle approximation by the introduction 
 
Figure 3. Resonantly excited XES of the PTI/LiCl N-1 site (blue) and N-3 site 
(red) as compared to the non-resonant spectrum (black). The inset shows the 
features in the N absorption spectrum that were excited at specific energies, 
depicted using arrows of the same color. Resonant excitement of the N-1 site no 
longer shows emission from the feature at 395.8 eV. Resonant excitement of the 
N-3 site reveals a feature at 393.5 eV associated with full Li loading at the N-3 
site; the feature is greatly diminished in the PTI/(LiCl)0.5 measurement (magenta). 
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of a core vacancy in the calculation,[28] necessitating our DFT model as discussed above. The 
resulting shift (found to be approximately 0.4 eV in our high-Li loading model of PTI/LiCl) 
can then be added to the position of the fully loaded PTI/LiCl XANES spectrum onset to 
determine a band gap. As the core-hole shift depends on the physical structure used to model 
it, this shift is appropriate only for the fully loaded PTI/LiCl measurement. Though this core-
hole shift is not expected to vary significantly between the samples measured, determining it 
depends on the accuracy of the structural model used to calculate it, and the PTI samples with 
lower LiCl loading are not understood well enough to fully model at the present time. 
 
At maximum Li loading, two features (at 401.4 eV and 402.7 eV) are discernible in the N K 
XANES measurement that correspond to unoccupied states contributed by the N-3 and N-2 
sites, respectively. However, as Li is extracted from the samples these features are quickly 
extinguished with a corresponding shift in the onset peak, suggesting that changes in Li 
concentration can control splitting of the low-lying conduction band states. While the samples 
in this study had Li and Cl removed in tandem, the closed shell of a Cl– ion is not expected to 
contribute unoccupied states near the band edge, suggesting that changes in Li concentration 
 
Figure 4. Comparison of the PTI/LiCl XES and XAS measurements with calculated emission spectra for the 
high Li loading model structure (left). The calculated C emission spectrum reproduces the experiment well, 
with all major features accounted for, including an appropriate amount of splitting between the C 2p valence 
states and the lower energy C 2p/N 2s sub-band. The N-3 resonant emission spectrum (in green) shows similar 
feature splitting as the calculated emission spectra below. The calculated N-1/N-2/N-3 site splitting also 
reproduces the features of the N XANES measurement (right). 
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may be sufficient to control the conduction band minimum. Such a tuning capability could be 
used to align the CB minimum with the hydrogen reduction redox level to improve H2 
evolution. Choosing band onsets from the spectra was performed by taking the positive 
second derivative peak in the region of the measured signal onset as indicative of the energy 
at which the partial DOS begins to contribute to the spectrum and overcomes the effects of 
experimental and core-hole lifetime broadening. This method has been found to be a useful 
metric in measuring the band gap of post-transition metal oxides[29] where there is a sharp 
onset in states at a band edge, as is the case with the PTI/LiCl measurements. The results of 
choosing these onset positions (show in Figure 5) produce a band gap of 2.2 eV for PTI with 
full LiCl loading. This 
compares with the 
established band gap of 
melon of 2.7 eV,[4] 
showing a 0.5 eV band 
gap decrease. As LiCl is 
removed from the system 
the band gap apparently 
increases, as observed in 
the DFT models and the 
shifting of XANES 
features; however, this 
does not appear to affect 
the onset point of the N-
edge exciton induced 
during the XANES 
measurement (which 
should sit on the lowest-
energy N-1 site that is 
not adjacent to Li+). 
Instead, the sharpness of 
the onset decreases, and the lowest energy N absorption peak (also caused by the N-1 site) 
shifts upwards in energy approximately 0.4 eV. A similar shift of 0.34 eV of the conduction 
 
Figure 5. Comparison of different LiCl loadings of PTI with the valence 
band onset position of polymeric melon. The band gap of PTI increases as 
LiCl is removed through the loss of a high energy feature (expected to be N-
Cl 2p state hybridization); simultaneously N peak splitting at the VB 
maximum is reduced. The VB maximum of PTI/LiCl shows a 0.2 eV 
increase above that of melon and the reduced-loading PTI/LiCl samples, 
indicating the remaining band gap decreased of PTI/LiCl must be caused by a 
decrease in the conduction band minimum. Although this shift in conduction 
band onset is obscured by the effect of the XANES core hole, the onset peak 
maximum of N absorption shifts downwards by 0.4 eV when comparing the 
low to high-loaded LiCl measurement because of the introduction of the N-3 
site. 
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band onset between high and low Li loading is also seen in the DOS in Figure 2. However, a 
peak position is not indicative of the onset of states in a solid system,[30] thus, it is only 
possible to estimate a band gap of ~2.8 eV for PTI-(LiCl)0, with a lower gap for the 
intermediate loadings. 
 
The complementary EELS band gap measurement serves to support the choice of band onsets 
in the X-ray spectra. In a semiconducting material, an energy-loss in a transmitted electron 
beam may occur due to the transition of electrons from the valence band into the conduction 
band. For determining the band gap of PTI/LiCl, the contribution of the zero-loss peak (ZLP) 
was subtracted from the VEEL spectrum (using a power-law fit to the tail of the ZLP) and a 
linear fit was made with the observed onset as shown in Figure 6c; this linear fit intersects the 
noise floor at 2.2 eV. 
The VEELS probe of 
PTI/LiCl was per-
formed on a single 
crystallite and agrees 
with the X-ray band 
gap. A high-energy 
electron beam will also 
cause core-level tran-
sitions to occur, and the 
observed ELNES of 
these edges are similar 
to those measured by 
XANES. Because 
EELS is measured 
from electrons trans-
mitted through thin 
samples, it is mostly 
comparable to XANES 
measured by total 
electron yield (TEY), which is highly surface sensitive.[31] Comparing the C and N K edge 
 
Figure 6. Comparison of the EELS core-level edges versus the XANES TEY 
measurements. The N K edge (a) shows good agreement in terms of feature 
position and peak ratio after the XANES measurement has been aligned with 
EELS (shifted upwards by 2.5 eV), indicating that the conduction band of PTI 
is dominated by 2p states. The broadening of EELS at the C K edge (b) is more 
pronounced than at the N K edge but shows contribution from 2s anti-bonding 
states at energies above 295 eV that are not probed by the XANES 
measurement. (c) VEELS band gap determination of 2.2 eV using a linear fit to 
the onset of the first energy-loss feature. 
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measurements of XANES TEY versus the ELNES data in Figure 6 shows good agreement, 
allowing us to confirm that the sample is receiving little damage during the EELS 
measurement that would affect the measured band gap. 
 
4.2.5 Conclusions 
 
Through EELS and X-ray spectra, we have shown that PTI/LiCl displays a decreased band 
gap (~2.2 eV) with respect to polymeric melon (2.7 eV) as well as to PTI samples with 
reduced loading of Li+ and Cl–. The mechanism for this band gap decrease is 2-fold: 
 
1. A reduction in the conduction band minimum energy caused by splitting of 
inequivalent unoccupied N states by an interaction with loaded Li+, which 
substitutes for H+ in the imide links between triazine units. 
2. A similar splitting of N 2p states at the valence band maximum, allowing increased 
hybridization between the Li+ substituted imide links with low binding energy Cl 2p 
states. 
 
We have constructed a DFT model that demonstrates a high degree of qualitative agreement 
with the measured X-ray spectral features and quantitative agreement with the observed band 
edge shifts. We have demonstrated by resonant X-ray Emission Spectroscopy a sensitive 
probe for the Li substituted imide N presented in PTI/LiCl at high LiCl loading. We propose 
that the contribution of Li+ and Cl– loading to the band edge shifts may be independent of 
each other, suggesting that the hydrogen evolution performance of PTI/LiCl could be further 
improved by independent control of the valence and conduction band edges achieved by 
removal of Li+ while maintaining full Cl– loading. 
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4.3 Photocatalytic Activity of PTI/LiCl  
 
All “doping” experiments and photocatalyic measurements in this subsection were conducted 
by Katharina Schwinghammer and Brian Tuffy (Max Planck Institute for Solid State 
Research, Stuttgart, advisor: Prof. Dr. B. Lotsch) and will also be published as part of their 
PhD theses. 
All NMR measurements were carried out by Maria B. Mesch (University of Bayreuth, 
advisor: Prof. Dr. J. Senker) and Charlotte Martineau and Francis Taulelle (Tectospin, 
Institut Lavoisier de Versailles, France) and will also be published as part of the PhD thesis 
of M. B. Mesch. 
 
 
Triazine-based Carbon Nitrides for Visible-Light Driven Hydrogen 
Evolution 
 
Katharina Schwinghammer, Brian Tuffy, Maria B. Mesch, Eva Wirnhier, Charlotte 
Martineau, Francis Taulelle, Wolfgang Schnick, Jürgen Senker and Bettina V. Lotsch 
 
published in: Angew. Chem. 2013, 125, 2495-2499; Angew. Chem. Int. Ed. 2013, 52, (2435-
2439); DOI: 10.1002/anie.201206817 
Keywords: Carbon nitrides; copolymerization; photocatalysis; triazines; water splitting 
Abstract: A new dimension: The doping of amorphous poly(triazine imide) (PTI) through 
ionothermal copolymerization of dicyandiamide with 4-amino-2,6-dihydroxypyrimidine 
(4AP) results in triazine-based carbon nitrides with increased photoactivity for water splitting 
compared to crystalline poly(triazine imide) (PTI/Li+Cl-, see picture) and melon-type carbon 
nitrides. This family of carbon nitride semiconductors has potential as low-cost, 
environmentally clean photocatalysts for solar fuel production.  
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The development of catalysts that enable the direct conversion of solar energy into chemical 
energy has been defined as one of the major challenges of modern materials chemistry. 
Hydrogen generated by photochemical water splitting has been identified as a promising 
energy carrier that offers a high energy density while being environmentally clean.[1] 
Nevertheless, to realize a light-driven hydrogen-based economy, the exploration of new 
materials for highly efficient, stable, economically viable, and environmentally friendly 
photocatalysts is required. 
To date, numerous inorganic semiconductors have been developed for water splitting, most of 
them being transition metal compounds containing heavy metals such as La, Bi, Ta, or Nb, 
which impede scalability, increase cost, and add complexity.[2] Recently, attention has been 
attracted to a new class 
of metal-free photo-
catalysts, comprising 
polymeric melon-type 
carbon nitrides (CNs) 
based on imide-bridged 
heptazine units (see 
Figure 1 a).[3] CNs are 
readily accessible, 
lightweight, stable, and 
low-cost compounds 
that offer an attractive 
alternative to metal-
rich catalysts while still 
maintaining efficient 
photoactivity.[4]  
Thermal condensation of CNs forms a wide variety of chemical species that differ 
substantially with respect to their degree of condensation, hydrogen content, crystallinity, and 
morphology.[5,6] The chemical modification of CNs by molecular “dopants” has resulted in a 
number of CN materials with improved photocatalytic activity.[7] Although the evidence is 
largely empirical, the property enhancement presumably originates from subtle modifications 
Figure 1. Chemical structures of a) melon, b) PTI/Li+Cl- (idealized structure), 
c) aPTI_4AP16% (proposed structure), and d) the dopant 4AP. 
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of the parent structures by incorporation of heteroatoms as well as structural defects, to give 
rise to enhanced absorption in the visible light range and a more complete exploitation of the 
solar energy spectrum.  
In contrast to all known CN photocatalysts, which are composed of heptazine building blocks, 
poly(triazine imide)(PTI/Li+Cl-) is the only structurally characterized 2D CN network 
featuring imide-linked triazine units (see Figure 1b).[8,9] Owing to its high level of 
crystallinity, PTI/Li+Cl- lends itself as an excellent model system to study photocatalytic 
activity towards water splitting as a function of the number of building blocks, the 
composition, and the degree of structural perfection of the system. Herein, we present a new 
generation of CN photocatalysts based on triazine building blocks and demonstrate their 
enhanced photocatalytic activity in comparison to heptazine-based CNs. Moreover, we show 
that their performance can be amplified by small-molecule doping, thus rendering them the 
most active nonmetal photocatalysts for the hydrogen evolution reaction that have been 
reported to date.  
As a starting point, we synthesized crystalline PTI/Li+Cl- as a model structure for triazine-
based CNs in a two-step ionothermal synthesis according to the procedure of Wirnhier et 
al.[8,9] To study the effect of crystallinity on the photocatalytic activity, we also synthesized an 
amorphous variant of PTI (aPTI), through a one-step ionothermal synthesis involving a 
LiCl/KCl salt melt. We used 4-amino-2,6-dihydroxypyrimidine (4AP; Figure 1d) as the 
dopant because of its structural similarity to melamine and higher carbon and oxygen content. 
The photocatalytic activity of the as-prepared CNs was compared with that of crystalline 
PTI/Li+Cl- and of heptazine-based raw melon (see the Supporting Information). 
The XRD patterns of the aPTI samples confirm their amorphous character by the absence of 
sharp reflections (see the Supporting Information, Figure S1), which are present in the XRD 
patterns of crystalline PTI/Li+Cl-. However, the FTIR spectra of the synthesized aPTI CNs are 
still largely similar to that of PTI/Li+Cl-[8] (Figure 2d and Figures S2–5 in the Supporting 
Information), as they contain a band at 810 cm-1 (ring sextant out of plane bending) and a 
fingerprint region between 1200 and 1620 cm-1 that is dominated by ν(C-NH-C) and ν(C=N) 
stretching vibrations.[5,10] Doping with 4AP gives rise to less well-defined IR bands, thereby 
indicating a decrease in the structural order. In addition, in the spectra of 16% and 32% doped 
PTI there is a band at 914 cm-1 that can be assigned to aromatic C-H bending vibrations of the 
  
 
Chapter 4: Poly(triazine Imide) – Structure, Properties and Possible Applications 
 
88 
 
dopant (see the Supporting Information, Figure S5). Interestingly, the bands at 2160 cm-1, 
1730 cm-1, and around 1200 cm-1, which are seen in the spectrum of aPTI and partially in 
those of the doped samples, point to the presence of terminal nitrile groups as well as oxygen-
containing functionalities, such as C=O and C-O. 
Elemental analysis 
(EA) indicates the 
atomic ratio C/N = 
0.68 for PTI/Li+Cl-, 
whereas the C/N 
ratios of the aPTI 
samples are slightly 
increased for those 
synthesized at eleva-
ted temperatures, in-
dicating either a 
higher degree of 
condensation or an 
increase of oxygen 
incorporation (see the 
Supporting Infor-
mation, Table S1). 
Notably, the amount 
of Li and Cl is lower 
in doped and non-
doped aPTI than in crystalline PTI/Li+Cl-, whereas the oxygen content is significantly higher, 
consistent with the IR results. This finding is worth noting as the amount of carbon and 
oxygen atoms in CNs is likely to play an essential role in the activity of CN photocatalysts.[11] 
By increasing the amount of 4AP incorporated in the doped PTI from 2% to 64% the C/N 
ratio increases from 0.69 to 1.13, respectively (see the Supporting Information, Table S2). In 
summary, the EA and IR results suggest that both carbon and oxygen atoms are incorporated 
into the amorphous materials, most likely through replacement of one of the ring or bridging 
nitrogen atoms, as proposed in Figure 1c. 
 
Figure 2. a) 13C CP–MAS NMR spectrum (10 kHz), b) 15N CPPI MAS NMR 
spectrum (6 kHz, inversion time=400 ms) and c) 15N CP–MAS NMR spectrum 
(10 kHz) of aPTI_4AP16%. d) FTIR spectra of aPTI_4AP16% synthesized at 550 °C 
before and after 15 h illumination, compared to crystalline PTI/Li+Cl-, aPTI500 °C, 
and melon. e) A typical image of 2.3 wt% Pt-loaded aPTI_4AP8% after 
illumination for 3 h under visible light (λ>420 nm) and at higher magnification 
(inset). 
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The 13C and 15N cross-polarization magic-angle spinning (CP–MAS) NMR spectra (Figure 2 
a and c) for aPTI doped with 16% 4AP and synthesized at 550 °C (aPTI_4AP16%) provide 
additional information about the structural composition of the material derived from 
copolymerization with 4AP. Both spectra are similar to those of PTI/Li+Cl- (see the 
Supporting Information, Figure S6),[8,9] albeit with significantly increased line width (full 
width at half maximum (FWHM)) of 1.5 kHz compared to 600 Hz) owing to the less ordered 
character of the materials (see the Supporting Information, Figure S1). The 15N CP–MAS 
spectrum shows two broad signal groups centered around -175 and -245 ppm. The former 
group is typical for tertiary ring nitrogen atoms (Ntert ; from the outer ring nitrogen atoms of 
heptazine or triazine rings), whereas the latter is characteristic of bridging NH groups. A very 
weak signal around -280 ppm indicates that only a small amount of terminal NH2 groups is 
present, hence a melon-type structure seems very unlikely. However, to further corroborate 
this hypothesis and identify the type of heterocycle formed under the conditions used—
triazine versus heptazine—we recorded a 15N cross polarization polarization inversion 
(CPPI)[12] NMR spectrum of aPTI_4AP16% (Figure 2b) with an inversion time of 400 ms. 
Under such conditions, resonances of the NH groups are reduced to zero intensity whereas 
signals of NH2 units will be inverted. In contrast, the 15N signals of tertiary nitrogen atoms are 
expected to remain largely unaffected. Hence, the unique signal for the central nitrogen atom, 
Nc, of a heptazine ring between -220 and -240 ppm can unequivocally be identified.[5] The 
absence of any signals in the 15N CPPI spectrum (Figure 2b) in the region between -200 and 
-300 ppm therefore strongly suggests the absence of heptazine units within the detection limit 
of roughly 10–15%. The markedly different intensity ratios in the 13C CP–MAS spectrum of 
aPTI_4AP16% (Figure 2a) compared to those in the 13C CP–MAS spectrum of PTI/Li+Cl-, 
and the broad asymmetric high-field flank of the signal between -140 and -170 ppm in the 15N 
CP–MAS spectrum (Figure 2c) may indicate partial incorporation of pyrimidine into the PTI 
framework during copolymerization, which is not observed for PTI/Li+Cl-.[8,9] 
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The brown color of crystalline PTI/Li+Cl- indicates substantial absorption in the visible range 
of the spectrum. More specifically, the material absorbs largely in the UV region, yet 
additional absorption takes place in the blue part of the visible region and there is a gradual 
decrease in absorption toward higher wavelengths (Figure 3 and Figure S7 in the Supporting 
Information). The absorption spectra of aPTI synthesized at 400–600 °C show bands that are 
comparable to those in the spectrum of melon, thus rendering the color of the materials 
similar to that of melon (see the Supporting Information, Figures S7 and S10). When the 
reaction temperature is increased, the color of aPTI changes from cream (400 °C) to yellow 
(500 °C), suggesting enhanced absorption in the visible region. The absorption of aPTI500°C, 
which is synthesized at a reaction temperature of 500 °C, is strongly red-shifted compared to 
that of crystalline PTI/Li+Cl-, thereby representing further improvement in the visible-light 
absorption (see the Supporting Information, Figure S7 (1)). With increasing amounts of 
dopant the color of the 4AP-doped CNs 
gets darker, changing from yellow (2%) 
to red-brown (64%); this color change 
correlates well with the red-shift 
observed in the absorption spectra (see 
the Supporting Information, Figure S8).  
The inherent 2D architecture of 
crystalline PTI/Li+Cl- gives rise to an 
expanded π-electron system, lower band-
gap, and enhanced absorption as 
compared to the 1D polymer melon, and 
thus renders PTI/Li+Cl- a promising 
photocatalyst that may even outperform 
the heptazine-based semiconductors. In 
fact, hydrogen production of 864 
mmolh-1g-1 (ca. 15% error) was 
measured for crystalline PTI/Li+Cl- in 
the presence of a Pt co-catalyst and 
triethanolamine (TEoA) as sacrificial 
electron donor; this result equates to an 
Figure 3. Photocatalytic activity towards hydrogen 
production (a). UV/Vis spectra (b) and color of the 
water/TEoA suspensions (inset in a) of  aPTI_4AP16% 
synthesized at 550°C compared to crystalline PTI/Li+Cl−,  
aPTI synthesized at 500°C, and melon.   
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enhancement of approximately 20% compared to synthesized raw melon (see the 
Experimental Section; 722 mmolh-1g-1) and is comparable to “g-C3N4” synthesized at 600 °C 
(synthesis according to Zhang et al.;[7a] 844 mmolh-1g-1). The photocatalytic activity of the 
amorphous CNs synthesized in an open system in the temperature range 400–600 °C showed 
that the highest activity was achieved for the CN synthesized at a reaction temperature of 
500 °C (1080 mmolh-1g-1); this activity corresponds to an approximately 50% enhancement 
compared to that of raw melon (see Table 1). 
Although the above results 
show a moderate im-
provement of the photo-
catalytic activity of PTI-
derived materials compared 
to melon-based ones, when 
PTI is doped with 4AP the 
increase in the photoactivity 
of PTI is a function of the doping level and synthesis temperature. By increasing the 
temperature from 400 to 600 °C, an optimum photocatalytic activity was measured for the 
material synthesized at 550 °C (see the Supporting Information, Figure S13). When the 
content of 4AP was increased from 2 to 64%, the highest photocatalytic activity of 4907 
mmolh-1g-1 (3.4% quantum efficiency) was detected for 16% doped aPTI, synthesized at 550 
°C (aPTI_4AP16%; Figure S14 in the Supporting Information and Table 1). In essence, the 
photocatalytic activity of PTI/Li+Cl- can be enhanced by 5–6 times upon doping with 4AP in a 
simple one-pot reaction. 4AP doping of crystalline PTI/Li+Cl- leads to no apparent 
photocatalytic activity. Also, as a control experiment, pure 4AP was shown to be 
photocatalytically inactive by itself and under ionothermal or thermal treatment. Water 
oxidation experiments in which O2 evolution was measured, carried out in the presence of a 
Co3O4 co-catalyst, did not yield substantial amounts of oxygen, thus suggesting that either 
water oxidation is thermodynamically unfeasible or that the reaction conditions need to be 
further optimized. 
A typical TEM micrograph shows that the surface morphology of doped aPTI is layered and 
platelet-like (Figure 2d and S11 in the Supporting Information). The crystallite size and 
Table 1.  Physicochemical properties and photocatalytic activity of 
different Pt/CNx species for the hydrogen evolution reaction driven by 
visible light. 
Catalyst Surface 
area  
[m2g-1] 
C/N  
molar 
ratio 
Hydrogen  
evolution rate 
[µmolh-1g-1] 
Quantum 
efficiency  
[%] 
PTI/Li+Cl- 37 0.68 864 0.60 
Melon 18 0.67 722 0.50 
aPTI500°C 122 0.69 1080 0.75 
aPTI_4AP16% 60 0.82 4907 3.40 
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composition of the platinum nanoparticles deposited on the carbon nitride catalyst in situ were 
studied by TEM and EDX. The results reveal that the photoinduced reduction of the co-
catalyst results in well-dispersed nanoparticles roughly 5 nm in diameter. 
N2 sorption measurements allow us to quantify the impact of the surface area (SA) of the 
catalysts on the photocatalytic activity. In Table 1, the measured specific Brunauer–Emmett–
Teller (BET) SAs indicate a weak correlation between SA and activity, but the increased 
photoactivity in the doped species cannot be rationalized by an increased SA alone. 
As seen in Figure 3, the aPTI_4AP16% photocatalyst yields an orange-brown suspension and 
its diffuse reflectance spectrum spans across the visible region. It is therefore instructive to 
examine the wavelength-specific hydrogen production to determine which wavelengths 
actively contribute to the H2 evolution. In the wavelength dependence graph (Figure 4), the 
absorption is overlaid with the wavelength-specific hydrogen evolution. The hydrogen 
production rate falls off at 450–500 nm, thus indicating that the majority of photons 
contributing to the hydrogen production are at λ<500 nm. It is suggested that the active 
absorption follows the band edge observed between 430 and 440 nm. This band is similar to 
that seen for the other PTI compounds although red-shifted by the 4AP doping. The broad 
absorption profile suggests the existence of intra band-gap electronic states at various 
energies, which could 
arise from the in-
corporated 4AP (see 
the Supporting Infor-
mation, Figure S4 and 
S5). However, as 
Figure 4 infers, not all 
electronic states – espe-
cially those associated 
with absorption at 
higher wavelengths - 
contribute to the 
hydrogen evolution but 
may rather act as traps 
Figure 4. Overlay of UV-VIS spectrum and wavelength-specific hydrogen 
production (black bars) of  aPTI_4AP16% using 40 nm FWHM band-pass filters.   
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and quenching sites for excitons. We therefore envision that through active control of the 
number and position of defects in the material, photocatalysts with further enhanced activity 
can rationally be designed. Nevertheless, the increased visible-light activity up to 
approximately 500 nm in doped PTI results in a significant improvement over its undoped or 
crystalline counterparts and is a contributing factor to its high photoactivity. 
In conclusion, we have reported a new family of 2D triazine-based carbon nitrides that shows 
substantial visiblelight-induced hydrogen production from water, and in this regard rivals the 
benchmark heptazine-derived photocatalysts. With external quantum efficiencies as high as 
3.4%, the amorphous carbon- and oxygen-enriched poly(triazine imide) species not only 
outperform melon-type photocatalysts, but also crystalline PTI by 5 to 6 times. Consistent 
with previous results,[13] we have demonstrated that a rather low level of structural definition 
and the introduction of defects up to a certain doping level (16% for 4-amino-2,6-
dihydroxypyrimidine) tend to enhance the photoactivity of the catalysts. 
We believe that the diverse range of available organic and inorganic dopants will allow the 
rational design of a broad set of triazine-based CN polymers with controlled functions, thus 
opening new avenues for the development of light-harvesting semiconductors. The easily 
adjustable structural and electronic properties of CN polymers render them particularly 
versatile for solar energy applications. 
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5.  Phosphorus-doped Carbon Nitride Precursors 
 
Both methods described in the last chapter (XAS/XES and EELS) offer the possibility of a 
very exact determination of the band gap, especially in comparison with the wide-spread 
standard method diffuse reflectance spectroscopy. Moreover, with EELS being a very local 
method, the band gaps of multiphase compounds can be measured simultaneously and 
distinguished contrary to bulk methods averaging over the whole sample. Using the example 
of PTI/LiCl, this combination of methods could be established, yielding a band gap of 2.2 eV, 
thus being lowered in comparison with melon (2.7 eV) by “doping” with LiCl. Another 
approach to lower the band gap and to shift the absorption more into the visible region (and to 
enhance the effectiveness for possible photocatalytic applications) is the replacement of 
carbon atoms by phosphorus atoms, to be interpreted as n-doping.  
Despite several attempts, no crystalline phosphorus-doped carbon nitride network was 
reported so far, enabling a direct comparison of structure and properties. In this chapter, 
synthesis and crystal structures of a number of phosphorus-doped carbon nitride precursors 
(alkali biuretooxophosphates and the new class of N,N’-bis(aminocarbonyl)-phosphoro-
diamidates) are presented. Furthermore, the suitability of these precursors for the synthesis of 
crystalline phosphorus-doped carbon nitride networks is investigated by examining their 
thermal stability and their behavior applying high-pressure high-temperature conditions.  
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5.1 Biuretooxophosphates 
5.1.1 Lithium, Potassium, Rubidium and Cesium Biuretooxophosphate 
 
 
A Systematic Approach to Alkali Biuretooxophosphates 
 
Eva Wirnhier and Wolfgang Schnick 
 
published in: Eur. J. Inorg. Chem. 2012, 1840-1847. DOI: 10.1002/ejic.201101317 
Keywords: Structure elucidation; Biuretooxophosphates; Photoluminescence spectroscopy; 
Alkali metals 
Abstract: Biuretooxophosphates represent a link between carbon nitride and phosphorus 
(oxo)nitride precursor chemistry being closely related to cyanurates and trimetaphosphimates. 
The group of alkali biuretooxophosphates has been complemented by the synthesis of four 
salts M[PO2(NH)3(CO)2]·xH2O in which M = Li, K, Rb, and Cs (x = 1, 0, 0.5, 0, respectively). 
The structures were solved by single-crystal X-ray diffraction and compared with the 
corresponding ammonium and sodium salts. For all of the salts, the 1-phospha-2,4,6-s-triazine 
ring exhibits a nearly planar conformation with the phosphorus atom being slightly deflected. 
In the sequence Li to Cs, the crystal structures show a significant change in orientation 
leading from a parallel to a perpendicular arrangement of the rings, the latter being bridged by 
N–H···O bonds. The thermal behavior of the biuretooxophosphates was examined by means 
of temperature-dependent powder X-ray diffraction measurements and combined 
thermogravimetric analysis (TGA) and differential thermal analysis (DTA). Moreover, the 
FTIR and photoluminescence spectra of the salts are discussed. 
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5.1.1.1 Introduction 
 
Graphite-type carbon nitride networks have recently gained significant interest regarding their 
exceptional chemical stability and their manifold properties. Among others, the ability to act 
as heterogeneous metal-free catalyst for CO2 reduction and water splitting as well as the 
photovoltaic effect have been shown for melon,[1–5] the most prominent representative of this 
class of compounds. However, with an optical band gap of approximately 2.7 eV, resulting in 
absorption only of blue light up to 450 nm, pure melon is not efficient enough for solar-
energy conversion for application in photovoltaic devices.[3,5,6] Several attempts have been 
made to modify the electronic structure of graphite-like carbon nitrides including chemical 
doping to alter the band gap.[5,7–11] In particular, the replacement of carbon atoms by 
phosphorus, interpreted in the literature as n-doping, seems to be a promising strategy to 
lower the band gap and shift the absorption more into the visible region, therefore enhancing 
the performance of such organic semiconductors. Previous attempts based on the 
copolymerization of dicyandiamide and 1-butyl-3-methylimidazolium hexafluorophosphate 
indeed showed a shift in the band gap to lower energies accompanied by a change in color 
from yellow to brown.[5] However, no well-defined product was obtained and the different 
possible doping sites led to a UV/Vis absorption spectrum that was hard to interpret. 
With both s-triazine (1a) and tri-s-triazine (1b) cores (the 
building units of carbon nitride networks) being very stable, 
the targeted partial exchange of C by P during the 
condensation process seems to be rather improbable. A 
different approach to obtain well-defined phosphorus 
carbon nitride compounds is the use of suitable precursors 
containing preorganized C-N-P motifs. Recently, Kroke et 
al. reported on several s-heptazine-based iminophos-
phoranes C6N7(N=PR3)3 (R = methyl, ethyl, etc.), which can 
be seen as exocyclic doped carbon nitride precursors.[12] 
Exchanging one carbon ring atom in s-triazine-based compounds by phosphorus may lead to 
precursor molecules with a defined atomic ratio C/N/P = 2:3:1 (i.e., endocyclic doping). Such 
Scheme 1. The s-triazine (1a), tri-s-
triazine (1b), and 1-phospha-2,4,6-
s-triazine core (1c). 
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compounds with this 1-phospha-2,4,6-s-triazine (1c) core were already synthesized in 1962 
(Scheme 1).[13] 
Biuretooxophosphates establish a link 
between precursor compounds of carbon 
nitride and phosphorus (oxo)nitride 
chemistry or on a molecular level between 
cyanurates (2a) and trimetaphosphimates 
(2c) (Scheme 2), the salts of the latter 
compound being systematically investigated recently.[14–19] 
The first biuretooxophosphate, namely NH4[PO2(NH)3(CO)2] (3d), was described in 1986 by 
Neels.[20,21] We are now targeting a thorough characterization of biuretooxophosphates as 
possible precursors for the synthesis of new C/P/O/N-containing compounds. 
In this contribution we report on a new approach towards the preparation of biureto-
oxophosphates in crystalline form. We have complemented the group of alkali biureto-
oxophosphates and compare their structural and spectroscopic properties as well as the 
thermal behavior of these air-stable and water-soluble salts. 
 
5.1.1.2 Results and Discussion 
 
NH4+-biuretooxophosphate 
(3d) was first synthesized by 
oxidation of NH4+-biureto-
dithiophosphate (Scheme 3), 
which was obtained as a 
byproduct of the synthesis of 
COS from P4S10 with urea.[20,21] 
The corresponding sodium salt (3b) was synthesized by ion exchange in aqueous solution.[22] 
 
Scheme 2. The cyanurate anion (2a), biuretooxophos-
phate anion (2b), and trimetaphosphimate anion (2c). 
 
Scheme 3. Previous synthesis of 3d by oxidation of NH4+-
biuretodithiophosphate.[20] 
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We have developed a novel approach 
to synthesize alkali biuretooxophos-
phates [except the lithium salt (3a), 
which was obtained by ion exchange] 
in crystalline form by the controlled 
hydrolysis of 1,1,3,5-tetrachloro-1-
phospha-2,4,6-s-triazine[23] in the 
presence of the corresponding acetate 
(according to the synthesis of the alkali trimetaphosphimates, Scheme 4).[24,25] After 
evaporation of the solvents, large colorless blocklike crystals of Li[PO2(NH)3(CO)2]·H2O 
(3a), Na[PO2(NH)3(CO)2] (3b), K[PO2(NH)3(CO)2] (3c), NH4[PO2(NH)3(CO)2] (3d), 
Rb[PO2(NH)3(CO)2]·0.5H2O (3e), and Cs[PO2(NH)3(CO)2] (3f) could be isolated. 
 
Crystal structures 
All alkali biuretooxophosphates crystallize in space group P21/c except for the rubidium salt 
(3e), which crystallizes in the monoclinic space group Cc forming an inversion twin. 
Crystallographic data and details of the structure refinements for 3a, 3c, 3e, and 3f are 
summarized in Table 6. For detailed investigation of the crystal structure of the remaining 
salts, single-crystal X-ray diffraction of 3b[22] and 3d[20] was reproduced. The comparison of 
simulated and experimental powder X-ray diffraction patterns of the bulk phase is shown in 
Figure S1 (Supporting 
Information). Besides phase 
purity, the diffractograms 
show that all reflections could 
be indexed with the known cell 
parameters and their observed 
intensities were in very good 
agreement with the calculated 
diffraction patterns based on 
single-crystal diffraction data. 
Table 1. Angles of torsion for the alkali biuretooxophosphates 3a–3f. 
3a[a] 3b[b] 3c[a] 3d[a] 3e (Rb1)[a] 3e (Rb2)[a] 3f[c] 
5.87 13.58 -6.03 -6.28 8.33 13.06 -8.97 
-6.18 -11.08 4.53 4.69 -3.77 -11.62 8.81 
-13.90 -1.34 13.98 9.73 -14.89 0.55 -5.69 
26.16 7.65 -23.51 -17.22 22.28 5.85 2.82 
-26.50 -4.89 21.92 15.71 -17.85 -4.27 -2.89 
14.57 -3.81 -10.57 -6.94 5.84 -3.55 5.96 
[a] ideal sign sequence for half-chair conformation: x/-x/-x/x/-x/x.  
[b] ideal sign sequence for twist conformation: x/-x/-x/x/-x/-x. 
[c] ideal sign sequence for chair conformation x/-x/x/-x/x/-x. 
 
 
Scheme 4. New synthesis route to alkali biuretooxophos-
phates by the controlled hydrolysis of 1,1,3,5-tetrachloro-1-
phospha-2,4,6-s-triazine. 
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Whereas the potassium salt is isotypic with the ammonium salt, the other alkali biureto-
oxophosphates exhibit different crystal structures. In contrast to most trimetaphosphimates 
that adopt almost a regular chair, twist, or boat conformation,[15,19,26–29] the 
biuretooxophosphates are nearly planar. Evaluation of the torsion angles[30] (Table 1) as well 
as the puckering parameters (amplitude and phase 
coordinates that describe the geometry of the ring 
puckering relative to the plane)[31] (Table 2) suggest 
a weak pronounced twist and chair or half-chair 
conformation for 3b and 3f, respectively, while the 
other biuretooxophosphates exhibit a half-chair 
conformation due to the fact that the phosphorus 
atom maintains its preferred (distorted) tetrahedral 
coordination, whereas all C/N-ring atoms show 
more or less the typical coplanar alignment for s-
triazine cores (Figure 1). For 3e, a second type of 
half-chair conformation, with the nitrogen atom 
instead of the phosphorus atom deflected, appears. 
The bond lengths P–O and P–N (148–150 and 166–169 pm, respectively) and the angles O–
P–O (115–118°) and O–P–N (108–112°) are in the typical range of trimetaphosphimates, 
whereas the angles N–P–N (98–99°) are smaller due to the biuretooxophosphate anion being 
more planar than the trimetaphosphimate anion.[26–28] The bond lengths C–O and C–N (120–
124 and 133–139 pm, respectively) are comparable to the distances observed in cyanurates 
and cyamelurates with the C–N(–P) bonds being 2–3 pm shorter than the C–N(–C) bonds, but 
both in the range of C–N single bonds. For the angles, the N–C–O (118–124°) and N–C–N 
Table 2. Puckering parameters for the alkali biuretooxophosphates 3a – 3f. 
 3a[a] 3b[b] 3c[a] 3d[a]
 
3e (Rb1)[a] 3e (Rb2)[a] 3f[a] 
q2 0.239(2) 0.123(1) 0.208(1) 0.159(1) 0.645(10) 1.169(22) 0.032(2) 
q3 0.127(2) -0.007(1) -0.111(1) -0.074(1) -1.743(9) 2.968(38) 0.047(2) 
Φ / ° 0.7(4) -11.6(6) 175.0(5) 174.9(4) -76.6(6) -111.7(4) 178.5(47) 
QT 0.270(1) 0.123(1) 0.236(1) 0.175(1) 1.858(8) 3.190(42) 0.057(2) 
θ / ° 61.9(4) 93.4(6) 118.1(4) 114.9(4) 159.7(3) 21.5(2) 33.9(18) 
[a] ideal puckering parameters for half-chair conformation: q2 = QT sinθ, q3 = QT cosθ, QT = (q22 + q32)1/2. 
[b] ideal puckering parameters for twist conformation: q2 ≠ 0, q3 = 0, QT = q2, θ = 90°.  
 
 
Figure 1. View of the half-chair ring 
conformation of 3a showing 50 % probability 
displacement ellipsoids. H atoms are drawn as 
small circles of arbitrary size. 
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angles (115–119°) are also in typical ranges relative to cyanurates and cyamelurates, whereas 
the distortion of the almost planar ring by the phosphorus atom becomes more apparent by the 
appearance of larger C–N–C angles (127–129°).[32–36] 
A systematic change in the relative 
orientation of the anionic rings is 
observed with increasing cation size. 
Whereas the rings of 3a and 3b show a 
nearly parallel arrangement without 
building a hydrogen-bonding network 
(Figure 2 and Figure 3), a slight zig-
zag orientation for the rings appears 
for 3c and 3d (Figure 3). N–H···O (N···O 278–295 pm) bonds are bridging the rings, forming 
interconnected zig-zag strands. One half of the rings in 3e linked by N–H···O bonds (N···O 
281 pm) shows a more pronounced zig-zag orientation, whereas the other half is aligned 
vertically, also connected by N–H···O bonds (N···O 279–288 pm) (Figure 3e). A 3D network 
is formed by the connections of both types of rings by two further N–H···O bonds (N···O 281–
Figure 2. Crystal structure of 3a. 
 
Figure 3. Crystal structures of 3b, 3c, 3e, and 3f. 
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284 pm). For 3f, the vertically aligned rings form a wire-mesh fencelike network by N–H···O 
bonds (N···O 273–285 pm) (Figure 3). 
The coordination number of the alkali 
ions increases with the ionic radii of 
the cations, thereby causing an 
increasing connectivity of the 
coordination polyhedra. In 3a, the 
lithium ions exhibit a coordination 
number of four, which results in 
isolated, slightly distorted tetrahedrons (103–120°). The sixfold and (5+1)-fold coordination 
of the Na+, K+, and NH4+ ions configuring edge-sharing distorted octahedrons leads to 1D 
twisted strands along a (3b) and c (3c, 3d), respectively. The rubidium salt exhibits two 
distinct Rb sites, once sevenfold coordinated (Rb1), showing edge-shared strands along a and 
once sixfold coordinated (Rb2), building corner-shared strands in the a,c plane. For 3f, the 
only 2D motif arises by edge-sharing heptagons in the b,c plane. In the case of 3a and 3e, a 
solvent water molecule is incorporated to complete the coordination sphere, which is 
otherwise built up from both oxygen species of the PO2(NH)3(CO)2 ring. The rings act as 
monodentate and partially bridging (µ2) ligands for the corresponding cations with an 
increasing number of 
ligand functionalities 
with increasing cat-
ionic size (Table 3). 
The distances M–O are 
comparable with those 
of the alkali trimeta-
phosphimates and cya-
melurates and are in 
accordance with the 
sums of the ionic radii 
[Li: 192–197 pm; Na: 
230–252 pm; NH4: 
275–291(369) pm; K: 
Table 3. Number and type of ligand functionalities of the 
PO2(NH)3(CO)2-ring. 
 3a 3b 3c/d 3e 3f 
O1 (CO) --- µ1 µ1 µ1 / µ2 µ2 
O2 (CO) µ1 µ2 µ1 µ2 / µ2 µ2 
O3 (PO2) µ1 µ1 µ2 µ1 / µ2 µ1 
O4 (PO2) µ1 µ2 µ2 µ1 / µ1 µ2 
∑ 3 6 6 5 / 7 7 
 
 
Figure 4. FTIR spectra of the alkali biuretooxophosphates 3a–f. 
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260–307 pm; Rb: 283–315 pm; Cs: 308–336 pm].[32–36] 
 
FTIR Spectroscopy 
The FTIR spectra of the alkali biuretooxophosphates are represented in Figure 4. They exhibit 
features of both alkali trimetaphosphimates and alkali cyanurates. Accordingly, the assign-
ment of the bands (Table 4) was accomplished by comparison with both compound clas-
ses.[14,37] For all biuretooxophosphates, strong absorption in the N–H stretching region (3300–
3000 cm–1) occurs. The broadness of the signals may be due to the participation of the NH 
groups in hydrogen 
bonding, also resulting in 
weak (for the smaller 
cations) and strong (for 
the bigger cations) bands 
between 3050 and 2730 
cm–1. These effects are in 
accordance with the 
results from the crystal 
structure analysis, which 
show intermolecular hy-
drogen bonds only bet-
ween the rings of the salts 
of the heavier alkali ele-
ments. The bending and 
wagging modes of the 
NH groups are also 
assigned in Table 4. As 
for the cyanurates, strong 
absorption due to 
C=O and C–N stretching 
vibrations occurs around 
1700 cm–1 and between 
Table 4. Vibrational frequencies (cm-1) observed in the FTIR spectra of the 
alkali biuretooxophosphates and their assignment. 
3a 3b 3c 3d
 
3e 3f Assignment 
3515 s    3472 w  ν(H2O) 
3389 s    3410 w  ν(H2O) 
3254 s 3266 s     ν(NH) 
3171 s  3188 m  3175 m 3156 m ν(NH) 
   3143 vs   ν(NH4+) 
3047 s 3053 m 3054 m 3044 vs 3068 vs 3045 m ν(NH)  
 2891 m 2871 m    ν(N-H···O) 
2810 m 2825 m 2813 m 2841 s 2814 vs 2826 s ν(N-H···O) 
2735 w 2745 w 2746 m  2745 s 2748 s ν(N-H···O) 
1711 vs 1699 vs 1696 vs 1698 vs 1694 vs 1684 vs ν(C=O) 
1643 s      δ(H2O) 
  1496 m   1491 s ν(C-N) 
1479 m 1477 m 1470 m 1481 s 1476 vs 1452 s ν(C-N) 
   1456 s   ν (NH4+) 
1428 m 1425 m 1429 m 1428 s 1445 vs 1417 m ν(C-N) 
   1401 s   ν (NH4+) 
 1372 s    1386 m δ(NH) 
1313 vs 1326 s 1326 s 1323 vs 1319 vs 1330 vs δ(NH) 
1240 s 1216 s 1245 s 1224 vs 1194 vs 1211 vs νas (PO2)/ 
δ(NH) 
1105 vs      νs (PO2) 
1079 s 1087 s 1091 vs 1087 vs 1082 vs 1097 s νs (PO2) 
    1069 vs 1076 vs νs (PO2) 
1000 w 1001 w 1005 m 1004 m 1002 s 1007 m νas (P-NH) 
918 m 899 m 901 m 907 s 916 s 914 s δ(C-N) 
808 w 810 w 827 m 814 m 814 m 815 m νs (P-NH) 
766 m 757 w 772 m 775 m 766 s 758 m ω(NH) 
  697 w  703 vw  ω(NH) 
655 s 636 m 629 m 631 s 642 vs 638 s δ(PO2) 
579 vw 577vw 585 w 585 w 572 w 587 w ν(MO) 
529 vw 530 w 527 m 532 w 527 m 527 m δ(C=O)
 
481 s 467 w 470 m 468 s 461 s 467 s δ(NCO) 
416 w 417 vw 426 w 432 w 407 s 422 m δ(NCO) 
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1500 and 1420 cm-1, respectively. The corresponding bending modes in the biuretooxophos-
phates are observed around 900 (C–N) and 503 cm–1 (C=O), respectively. Very strong ab-
sorption bands are also visible for the symmetric and asymmetric PO2 stretching vibrations 
(1100–1070 and 1250–1200 cm–1). In accordance with trimetaphosphimates, the symmetric 
and asymmetric P–N stretching vibrations appear between 1000 and 800 cm–1. 
 
Photoluminescence Spectroscopy 
The excitation and emission spectra of the alkali biuretooxophosphates in aqueous solution (c 
= 2 × 10–3 mol L–1) are displayed in Figure S2 (Supporting Information). Excitation and 
emission maxima are summarized in Table 5.  
The excitation spectra of the alkali biuretooxophosphates – recorded at the wavelength of the 
emission maximum – show two maxima in the UV region (252–269 and 324–354 nm, 
respectively) with the second signal being less intense. Emission occurs close to the UV/Vis 
transition (365–403 nm). For comparison, spectra of the sodium salts of the cyanurates and 
trimetaphosphimates [NaH2C3N3O3·H2O (4a) and Na3(PO2NH)3·H2O (4b)] were measured. 
Excitation and emission maxima of these two compounds (Table 5) are in the same range as 
those for the alkali biuretooxophosphates, with the maxima of the sodium 
biuretooxophosphate being located in between. Further comparison with the excitation and 
emission maxima of tri-s-triazine-based compounds like melem (2,5,8-triamino-s-heptazine; 
λex,max = 288 nm, λem,max = 366 nm),[38] 2,5,8-triazido-s-heptazine (λem,max = 430 nm),[39] and 
2,5,8-trichloro-s-heptazine (λex,max = 310 nm, λem,max = 468 nm)[40] provides an indication that 
the ring substituents have more influence on the luminescent properties than the cations, thus 
changing the electronic properties of the ring systems. Showing a significant shift compared 
to the other tri-s-triazine based compounds, the excitation and emission maxima of melem are 
therefore closer to the biuretooxophosphates due to similar electron-donating strengths of NH2 
and OH. 
Table 5. Excitation and emission maxima of the alkali biuretooxophosphates in solution (solvent = H2O, c = 
2 · 10-3 mol·L-1). 
substance 3a 3b 3c 3d 3e 3f 4a 4b 
λex,max [nm] 264/344 269/333 260/329 253/290/327 267/354 252/324 253/288/326 289/334 
λem,max[nm] 390 374 371 369 403 365 379 366 
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Thermal Analysis 
The thermal behavior of the alkali biuretooxophosphates was examined by combined 
thermogravimetric analysis (TGA) and differential thermal analysis (DTA) measurements 
(Figure S3 in the Supporting Information) and temperature-dependent powder X-ray 
diffraction analysis. For the 
monohydrated lithium salt and the 
semihydrated rubidium salt the 
release of crystal water is visible at 
190 °C (mass loss observed: 
10.2 %, calculated: 9.5 %) and 170 
°C (mass loss observed: 5.0 %, 
calculated: 3.5 %), respectively. 
The resulting dehydrated lithium 
biuretooxophosphate is stable up to 
320 °C; the thermal stability of the 
other salts decreases with 
increasing atomic mass of the 
alkali cation (Figure 5); an analogous observation has been reported for the cyanurates.[37]  
 
The decomposition of the alkali biuretooxophosphates is accompanied by a continuous mass 
loss and endothermic signals, which presumably indicate the release of gaseous byproducts 
like CO2, HNCO, and NH3. The formation of the corresponding cyclic and linear 
metaphosphates (MPO3)x as intermediates can be observed by temperature-dependent powder 
X-ray diffraction patterns, accompanied by an endothermic signal in the DTA curves of the 
less heavier cations (3a: 354 °C; 3b: 357 °C; 3c: 329 °C; 3e: 296 °C). 
 
 
 
Figure 5. Decomposition temperatures of alkali cyanurates and 
alkali biuretooxophosphates (3a–f).[37] 
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4.1.1.3 Conclusion 
 
In this contribution, we have presented a novel approach to the alkali biuretooxophosphates 
M[PO2(NH)3(CO)2]·xH2O (in which M = Li, Na, K, NH4, Rb, Cs and x = 1, 0, 0, 0, 0.5, 0, 
respectively) with detailed investigation of crystal structures, FTIR and PL spectroscopic 
properties, as well as the thermal behavior. From a structural point of view, the 
biuretooxophosphates can be interpreted as intermediates between precursor compounds in 
carbon nitride and phosphorus (oxo)nitride chemistry, the cyanurates and the 
trimetaphosphimates. Temperature-dependent powder X-ray diffraction analysis as well as 
combined DTA/TG measurements showed the stability of the 1-phospha-2,4,6-s-triazine ring 
up to temperatures of at least 200 °C. The decomposition of the ring at higher temperatures is 
accompanied by the formation of the corresponding metaphosphates (MPO3)x, therefore 
indicating a breakup of the ring next to the phosphorus atom and to a release of the remaining 
ring in the form of gaseous byproducts like CO2, HNCO, and NH3. To use the 
biuretooxophosphates as precursors for the synthesis of crystalline C(O)NP networks it is 
essential to keep the preorganized C-N-P motif intact or at least to prevent the disappearance 
of the CN parts of the ring. According to Le Chatelier's principle, future work will focus on 
pyrolysis of the biuretooxophosphates under elevated pressure (for example, in an autoclave 
or by using a high-pressure apparatus) to avoid the complete decomposition of the 
preorganized C-N-P motif and to enable the synthesis of well-defined phosphorus-doped 
carbon nitride networks. 
 
4.1.1.4 Experimental Section 
 
Syntheses  
1,1,3,5-Tetrachloro-1-phospha-2,4,6-s-triazine was synthesized according to the literature[23] 
by reacting sodium dicyanamide (17.6 g, 0.20 mol, Fluka, 96 %) with phosphorus 
pentachloride (41.6 g, 0.20 mol, Fluka, 98 %) in dichloroethane (600 mL; reflux, 12–14 h). 
The byproduct NaCl was removed by filtration and the filtrate was evaporated to a 
concentrated solution of 200 mL. At 4 °C the product was obtained as large colorless crystals. 
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Table 6. Crystallographic data and details of the structure refinement for 3a, 3c, 3e and 3f. 
[a] w = [σ2(F02) + (0.0385P)2 + 0.0388P]-1, [b] w = [σ2(F02) + (0.0375P)2 + 0.3991P]-1,  
[c] w = [σ2(F02) + (0.0997P)2 + 0.0000P]-1,  [d] w = [σ2(F02) + (0.0286P)2 + 0.5402P]-1, for all with P = (F02 + 2 Fc2)/3. 
 
 
According to the synthesis of the trimetaphosphimates M3[PO2NH]3 (M+ = Na+, K+),[24,25] the 
alkali biuretooxophosphates 3b–f were obtained by reaction of 1,1,3,5-tetrachloro-1-phospha-
2,4,6-triazine (300 mg, 1.26 mmol) in dioxane (5 mL) with the corresponding acetate 
M(OOCCH3) [15.12 mmol; M = Na (Merck, 99 %), NH4 (Merck, 98 %), K (Grüssing, 99 %), 
Rb (Alfa Aesar, 99.8 %), Cs (Alfa Aesar, 99.9 %)] in H2O (5 mL). A temperature of 55–60 °C 
 3a 3c 3e 3f 
Formula Li[PO2(NH)3(CO)2]·H2O K[PO2(NH)3(CO)2] Rb[PO2(NH)3(CO)2]·0.5H2O Cs[PO2(NH)3(CO)2] 
Molar mass [g mol-1] 189.00  203.14 258.51 296.95 
Crystal system monoclinic monoclinic monoclinic monoclinic 
Space group P 21/c (no. 14) P21/c (no. 14) Cc (no. 9) P21/c (no. 14) 
a [pm] 721.76(14) 585.42(12) 926.55(19) 679.16(14)  
b [pm] 683.90(14) 1756.6(4) 3255.3(7) 1486.5(3)  
c [pm] 1551.5(4) 691.70(14) 670.34(13)  745.37(15)  
β [°] 117.53(2) 109.65(3) 132.07(3)  93.08(3)  
V [106 pm3] 679.1(3) 669.9(2) 1500.9(9)  751.4(3)  
Z 4 4 8 4 
Calculated density 
[g·cm-3] 
1.849 2.014 2.279 2.625 
Crystal size [mm3] 0.12 x 0.10 x 0.09 0.31  x 0.16 x 0.12 0.15 x 0.12 x 0.11 0.12 x 0.10 x 0.06 
Absorption coefficient 
[mm-1] 
0.389 0.999 6.791 5.112 
F(000) 384 408 992 552 
Absorption correction none none multi-scan multi-scan 
Min. / max. 
transmission 
  0.2704 / 0.3730 0.3820 / 0.6644 
Diffraction range [°] 3.13 ≤ θ ≤ 27.49 3.34 ≤ θ ≤ 27.42 3.03 ≤ θ ≤ 27.49 3.30 ≤ θ ≤ 27.49 
Index range -9 ≤ h ≤ 9  
-8 ≤ k ≤ 8 
-20 ≤ l ≤ 20 
-7 ≤ h ≤ 7 
 -22 ≤ k ≤ 22 
 -8 ≤ l ≤ 8 
-12 ≤ h ≤ 12 
 -42 ≤ k ≤ 42 
 -8 ≤ l ≤ 8 
-8 ≤ h ≤ 8 
 -19 ≤ k ≤ 19 
 -9 ≤ l ≤ 8 
Parameters / restraints 129 / 5 112 / 3 228 / 8 112 / 3 
Total reflections 5357 5661 6178 12375 
Independent reflections 1548 1531 3258 1727 
Observed reflections 1364 1369 2820 1573 
Min./max. resid.  
electron density  
[e- 10-6 pm-3]  
-0.395 /  0.260 
 
-0.409 / 0.326 
 
-1.159 / 1.161  
 
-1.412 / 0.473  
 
GooF 1.045  1.076 1.035  1.190 
Final R indices  
[I > 2σ(I)] 
R1 = 0.0279,  
wR2 = 0.0745[a] 
R1 = 0.0269,  
wR2 = 0.0702[b] 
R1 = 0.0581,  
wR2 = 0.1429[c] 
R1 = 0.0211,  
wR2 = 0.0539[d] 
Final R indices (all 
data) 
R1 = 0.0333,  
wR2 = 0.0783[a] 
R1 = 0.0323,  
wR2 = 0.0740[b] 
R1 = 0.0668,  
wR2 = 0.1471[c] 
R1 = 0.0239,  
wR2 = 0.0558[d] 
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was maintained, first by cooling with an ice bath, later by heating in an oil bath. After cooling 
down to room temperature and evaporation of the solvent, the product was obtained as 
colorless blocklike crystals. The corresponding alkali chlorides can be removed by stirring the 
precipitate in methanol (50 mL). 
Lithium biuretooxophosphate monohydrate (3a) was obtained by an ion-exchange reaction in 
aqueous solution at room temperature. An aqueous solution of LiCl (75 mL; 9.7 g, 0.228 mol, 
Sigma–Aldrich, 99.9 %) was poured onto a column (ion-exchange capacity: 76 mmol) 
containing a strongly acidic ion-exchange resin (15 mL; Amberlyst 15, Fluka). After 
thoroughly washing the column with deionized water (3 L), NH4+-biuretooxophosphate (3d; 
546.3 mg, 2.5 mmol) in water (30 mL) was poured onto the column. The eluate was collected 
and crystallized by evaporation of the solvent. 
Elemental analysis (wt.-%): 3a: calcd. C 12.71, H 2.67, Li 3.67, N 22.23, P 16.39; found C 
12.45, H 2.75, Li 3.55, N 21.73, P 16.07; 3b: calcd. C 12.84, H 1.62, N 22.47, Na 12.3, P 
16.56; found C 12.71, H 1.88, N 21.71, Na 12.7, P 14.70; 3c: calcd. C 11.83, H 1.49, K 19.3, 
N 20.69, P 15.25; found C 11.81, H 1.66, K 18.90, N 19.86, P 13.31; 3d: calcd. C 13.19, H 
3.88, N 30.77, P 17.01; found C 11.39, H 4.04, N 29.08, P 13.60; 3e: calcd. C 9.29, H 1.56, N 
16.25, P 11.98, Rb 33.10; found C 9.44, H 1.45, N 16.33, P 11.85, Rb 31.28; 3f: calcd. C 
8.09, H 1.02, N 14.15, P 10.43; found C 7.84, H 1.19, N 12.33, P 8.62. 
X-ray Structure Determination 
Single-crystal X-ray diffraction data were collected at 293 K (3a, 3e) and 173 K (3b, 3c, 3d, 
3f) with a Nonius Kappa CCD diffractometer (3a–d, 3f) and a STOE IPDS I diffractometer 
(3e), both using monochromated Mo-Kα radiation (λ = 71.073 pm; Table 6). The diffraction 
intensities were scaled using the SCALEPACK software package.[41] For 3a–d no additional 
adsorption correction was applied, whereas for 3e and 3f an absorption correction was 
performed using the programs XPREP and SADABS, respectively.[42,43] The crystal structures 
were solved by direct methods using the software package SHELXS-97 and refined against F2 
by applying the full-matrix least-squares method (SHELXL-97).[44–46] Except for 3e, the 
hydrogen positions could be determined from difference Fourier syntheses and were refined 
isotropically using restraints for oxygen–hydrogen and nitrogen–hydrogen distances. All non-
hydrogen atoms were refined anisotropically. 
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CCDC-854273 (for 3a), CCDC-854274 (for 3c), CCDC-854276 (for 3e), and CCDC-854275 
(for 3f) contain the supplementary crystallographic data for this paper. These data can be 
obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 
Powder X-ray diffraction data were collected on a Stoe STADI P diffractometer using Cu-Kα1 
radiation (for 3a–e) and Mo-Kα1 radiation (for 3f). 
General Techniques  
FTIR measurements were carried out on a Bruker IFS 66v/S spectrometer. Spectra of the 
samples were recorded in an evacuated cell at ambient conditions between 400 and 4000 cm–1 
after diluting the samples in KBr pellets (2 mg sample, 300 mg of KBr, hand press with press 
capacity 10 kN). 
PL measurements were performed on a Photon Technology International (PTI) fluorescence 
system featuring a PTI 814 photomultiplier detector and a PTI A1010B xenon arc lamp driven 
by a PTI LPS-220B lamp power supply. 
Thermoanalytical measurements were carried out under an inert atmosphere (He) with a 
Thermoanalyzer TG-DTA92 (Setaram). The samples were heated in an alumina crucible from 
room temperature to 600 °C with a heating rate of 5 K min–1. 
Elemental analyses for C, H, and N were performed with the elemental analyzer systems 
Vario EL and Vario Micro (Elementar Analysensysteme GmbH). Alkali metal and 
phosphorus quantification was performed by atomic emission spectrophotometry with 
inductively coupled plasma (ICP-AES) on a Varian-Vista simultaneous spectrometer. 
Supporting Information (see footnote on the first page of this article): Figure S1 with the 
experimental and simulated powder X-ray diffraction patterns for 3a–f, Figure S2 with the 
photoluminescence spectra of 3a–f, and Figure S3 with the DTA/TG curves of 3a–f. 
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5.1.2 Calcium Biuretooxophosphate 
 
 
 
 
Ca[PO2(NH)3(CO)2]2 – The First Biuretooxophosphate  
with a Divalent Cation 
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Keywords: Biuretooxophosphates; Crystal structure; Calcium;1-Phospha-2, 4, 6-s-triazine 
core 
Abstract: Calcium biuretooxophosphate Ca[PO2(NH)3(CO)2]2 was synthesized by ion 
exchange reaction in aqueous solution. The crystal structure of the salt was elucidated by 
single-crystal X-ray diffraction. Anionic 1-phospha-2, 4, 6-s-triazine rings exhibiting a half-
chair conformation act as monodentate ligands for the calcium ions. A 3D network is formed 
by the resulting CaO6 octahedrons together with the anionic rings interconnected by hydrogen 
bonds. Beside the crystal structure, FTIR and photoluminescence spectra of calcium 
biuretooxophosphate are discussed. The thermal behavior of the salt is examined by means of 
temperature-dependent powder X-ray diffraction measurements and combined TG and DTA 
analyses.
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5.1.2.2 Introduction 
 
Over the last decades, both carbon nitrides and (oxo)nitridophosphates have significantly 
gained interest due to their outstanding chemical properties. Whereas carbon nitride networks 
were proven – among others – to act as thermally rather stable metal-free catalysts for CO2 
reduction and water splitting,[1,2] (oxo)nitridophosphates are known for their broad structural 
variety and the formation of zeolite and clathrate structures with various pore sizes.[3,4] 
Biuretooxophosphates represent a link between carbon nitride and phosphorus nitride 
networks in terms of precursor chemistry. Built up from a six-membered PC2N3 ring they can 
be regarded as intermediates between triazine-based cyanurates and trimetaphosphimates, the 
latter consisting of P3N3 rings (Scheme 1).[5] Both rings were proven to be building blocks of 
2D and 3D network structures like poly(triazine imide)*LiCl/HCl[6–8] or the first two nitridic 
zeolites NPO and NPT.[3,9,10] 
 
Whereas cyanurates and 
trimetaphosphimates were first 
mentioned in the 19th 
century,[11–14] biuretooxophos-
phates are a relatively new class 
of compounds. The ammonia salt was described by Neels in 1986 as by-product of the 
synthesis of COS starting from urea and P2S5, the corresponding sodium salt was synthesized 
by ion-exchange.[15–17] Only recently, a detailed structural and spectroscopic characterization 
of all alkali biuretooxophosphates has been given.[18] While alkali cyanurates and 
trimetaphosphimates are also well characterized, the salts of the alkaline earth elements were 
hardly described in detail. Except for two hydrates of calcium and barium cyanurate 
{Ca[H2C3N3O3]2·7H2O, Ba[H2C3N3O3]2·2H2O}[19] whose structures were examined by single-
crystal X-ray diffraction, alkaline earth cyanurates are only investigated regarding their 
spectroscopic and thermal properties. Alkaline earth trimetaphosphimates are discussed in the 
literature but no comprehensive study including structural characterization was done so 
far.[5,20] 
 
Scheme 1. The s-triazine-based cyanurate anion (a), the biureto-
oxophosphate anion (b) and the trimetaphosphimate anion (c). 
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In this contribution we report on the first biuretooxophosphate with a divalent metal ion, 
namely Ca[PO2(NH)3(CO)2]2, its structural and spectroscopical properties as well as its 
thermal behavior. 
 
4.1.2.2 Results and Discussion 
 
Calcium biuretooxophosphate was synthesized by ion exchange in aqueous solution, using a 
similar approach recently described for the synthesis of lithium biuretooxophosphate 
Table 1. Crystallographic data and details of the structure refinement for Ca[PO2(NH)3(CO)2]2. 
 
 Ca[PO2(NH)3(CO)2]2 
Molar mass /g·mol-1 368.17  
Crystal system monoclinic 
Space group P 21/c (no. 14) 
T /K 173 
Diffractometer Nonius Kappa-CCD 
Radiation, λ /pm Mo-Kα, 71.073 
a /pm 1010.8(2) 
b /pm 527.45(11) 
c /pm 1375.3(5) 
β /° 122.38(2) 
V /106 pm3 619.2(3) 
Z 2 
Calculated density /g·cm-3 1.975 
Crystal size /mm3 0.18 x 0.13 x 0.09 
Absorption coefficient /mm-1 0.820 
F(000) 372 
Absorption correction none 
Diffraction range  3.13º ≤ θ ≤ 27.49º 
Index range -13 ≤ h ≤ 13,  
-6 ≤ k ≤ 6 
-17 ≤ l ≤ 17 
Parameters / restraints 109 / 3 
Total no. of reflections 5029 
No. of independent reflections 1426 
No. of observed reflections 1233 
Min./max. residual electron density /e·10-6 pm-3  -0.522 / 0.356  
 GooF 1.023  
Final R indices [I > 2σ(I)] R1 = 0.0298, wR2 = 0.0828 [a] 
 Final R indices (all data) R1 = 0.0360, wR2 = 0.0863 [a] 
 [a] w = [σ2(F02) + (0.0476P)2 + 0.3418P]-1, with P = (F02 + 2 Fc2)/3 
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monohydrate.[18] After evaporation of the solvent, large colorless block-like crystals of 
Ca[PO2(NH)3(CO)2]2 were isolated.  
 
Crystal Structure 
Calcium biuretooxophosphate crystallizes in the monoclinicspace group P21/c. 
Crystallographic data and details of the structure refinement are summarized in Table 1. The 
comparison of simulated and experimental powder X-ray diffraction patterns of the bulk 
phase is shown in Figure 1. The 
observed intensities are in good 
agreement with the calculated 
diffraction pattern based on single-
crystal data.  
Similar to most alkali biureto-
oxophosphates,[18] the anionic 
PO2(NH)3(CO)2 ring in the 
calcium salt exhibits a half-chair 
conformation with the phosphorus 
maintaining its preferred (dis-
torted) tetrahedral coordination 
(Figure 2), proven by the torsion 
angles (–12.1, 13.0, 16.1, –35.1, 36.1, –17.9; ideal sign sequence –x/x/x/–x/x/–x)[21] and the 
puckering parameters (amplitude 
and phase coordinates that describe 
the geometry of the ring puckering 
relative to the plane) q2 = 0.353(2), 
q3 = 0.161(2), Φ = 178.5(3)°, QT = 
0.388(2), θ = 114.5(3) [ideal 
puckering parameters for half-chair 
conformation: q2 = QT sinθ, q3 = 
QT cosθ, QT = (q22 + q32)1/2].[22] 
 
Figure 1. Powder X-ray diffraction patterns (Cu-Kα1) of 
Ca[PO2(NH)3(CO)2]2 (top: experimental, bottom: simulated). 
 
 
Figure 2. View of the half-chair ring conformation of Ca[PO2 
(NH)3(CO)2]2, showing 50% probability displacement ellipsoids. 
H atoms are drawn as small circles of arbitrary size.  
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The bond lengths P–O and P–N as well as the angles O–P–O and O–P–N (Table 2) are 
comparable with the values observed in trimetaphosphimates.[23–26] Furthermore, the angles 
N–C–O and N–C–N as well as the bond lengths C–O and C–N are in the same range as the 
angles N–C–O and N–C–N and the C=O double and C–N single bonds in cyanurates[19,27–30] 
and cyamelurates[30,31] (the salts of the cyanuric acid 
H3C3N3O3 and the cyameluric acid H3C6N7O3) with the C–
N(–P) bonds being slightly shorter than the C–N(–C) bonds. 
The distortion of the planar conformation of cyanurate rings 
by introducing tetrahedral coordinated phosphorus instead of 
carbon is visible most clearly in the larger C–N–C angles 
owing to a not completely planar N–C–N–C–N half ring. 
Furthermore, smaller N–P–N angles compared to 
trimetaphosphimates appear. 
The rings act as monodentate 
ligands for the Ca2+ ions, thus 
resulting in coordination 
number 6 of the cations with 
nearly regular, isolated 
octahedrons (Figure 3, Figure 
4). The distances Ca–O are in 
the range of the sum of the 
respective ionic radii.[32] 
Altogether, a three-di-
mensional network is formed 
by connection of the anionic 
Table 2. Selected interatomic distances /pm and angles /° in Ca[PO2(NH)3(CO)2]2. 
Ca-O 227.3 (1), 232.6(8)  234.7(1)   
P-O 147.4(1), 148.9(1)  O-P-O 118.50 (7) 
P-N 168.2(2), 168.3(2)  N-P-N  97.99(9) 
  O-P-N 108.75(8), 109.05(8), 110.25(9), 110.37(8)  
C-O 122.4(3), 123.3 (3)  C-N-C 128.11(20) 
C-N 135.4(3), 134.6(2), 
137.1(3), 138.6(4) 
N-C-N 
N-C-O 
116.16(17), 117.20(16) 123.83(16), 118.98(19),  
124.29 (19), 119.53(21) 
 
 
Figure 4. Representation of the three-dimensional network of 
Ca[PO2(NH)3(CO)2]2. CaO6 octahedrons and H-bonds (indicated by 
dotted lines) are interconnecting anionic biuretooxophosphate rings.   
 
Figure 3. Coordination sphere of 
Ca2+ in Ca[PO2(NH)3(CO)2]2 (Ca: 
light gray, O: dark gray).  
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biuretooxophosphate rings by CaO6 octahedrons as well as N–H···O hydrogen bonds 
[2.830(2), 3.056(3) pm]. 
 
FTIR Spectroscopy 
The FTIR spectrum of Ca[PO2(NH)3(CO)2]2 is displayed in Figure 5. Strong absorption 
occurs in the N–H stretching region between 3300 and 3000 cm–1 due to the imide groups in 
the anionic ring. The broadness of 
the signals as well as the band at 
2883 cm–1 arise from the 
participation of the nitrogen atoms 
in N–H···O hydrogen bonds. Very 
strong and sharp absorption bands 
can be observed in the fingerprint 
region (1700–500 cm–1). An 
assignment of the observed 
frequencies was carried out in 
comparison with cyanurates and 
trimetaphosphimates and is 
presented in Table 3. 
 
 
Figure 5. FTIR spectrum of Ca[PO2(NH)3(CO)2]2 (KBr pellet). 
Table 3. Vibrational frequencies (cm-1) observed in the FTIR spectrum of Ca[PO2(NH)3(CO)2]2 and their 
assignment. 
observed frequencies assignment observed frequencies assignment 
3273m ν(NH) 1087s νs(PO2) 
3191m ν(NH) 985m νas(P-NH) 
3070s ν(NH) 908m δ(C-N) 
2883m ν(N-H···O) 844w νs(P-NH) 
1696vs ν(C=O) 762m ω(NH) 
1465s ν(C-N) 713w ω(NH) 
1419m ν(C-N) 646m δ(PO2) 
1312s δ(NH) 587w ν(MO) 
1247s νas(PO2) / δ(NH) 534w δ(C=O) 
1109s νs(PO2) 480m δ(NCO) 
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Photoluminescence Spectroscopy 
As the structurally related class of cyamelurates was proven to show interesting luminescent 
properties possibly useful for applications as brighteners or UV-stabilizers,[33] 
photoluminescence spectra of Ca[PO2(NH)3(CO)2]2 were recorded (Figure 6). The excitation 
spectrum shows two maxima in the 
UV region (λex, max = 265 and 340 
nm) with the second signal being 
less intense. Emission occurs close 
to the UV/Vis transition (λem, max = 
385 nm) and is therefore similar to 
the emission of alkali cyamelurates 
(370–400 nm). No significant shift 
is observed in comparison with the 
alkali biuretooxophosphates, due to 
similar electronic properties of the 
anionic 1-phospha-2,4,6-s-triazine 
ring in all salts.[18] 
 
Differential Thermal Analysis and Thermogravimetry 
With regards to the possible applicability of Ca[PO2(NH)3(CO)2]2 as precursor for the syn-
thesis of well-defined CNP(O) networks, the thermal behavior of the title compound was exa-
mined. TG and DTA curves of Ca[PO2(NH)3(CO)2]2 recorded between room temperature and 
600 °C are shown in Figure 7. Accompanied by a strong endothermic signal, the decomposi-
tion of Ca[PO2(NH)3(CO)2]2 starts at 376 °C. The thermal stability of the calcium salt is 
therefore slightly higher than for the alkali biuretooxophosphates which start to decompose 
below 350 °C. The thermal behavior beyond this temperature is characterized by a continuous 
mass loss, suggesting the release of gaseous by-products like CO2, HNCO, and NH3. A 
second endothermic signal is caused by the formation of the corresponding phosphate 
Ca(PO3)2 at 440 °C, proven by temperature-dependent powder X-ray diffraction analysis. 
Figure 6. Photoluminescence spectra (dashed line: excitation, 
solid line: emission) of a solution of Ca[PO2(NH)3(CO)2]2 
(c = 2·10-3 mol·L-1, solvent: water). 
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5.1.2.3 Conclusions 
 
In this contribution we have reported on synthesis and crystal structure as well as FTIR and 
photoluminescent spectroscopic properties, and thermal behavior of the first 
biuretooxophosphate with a divalent cation Ca[PO2(NH)3(CO)2]2. Being structurally related to 
cyanurates and trimetaphosphimates, the applicability of biuretooxophosphates as precursors 
for the synthesis of crystalline CNP(O) networks will be in the focus of further investigations. 
Analysis of the thermal behavior shows a cleavage of the 1-phospha-2,4,6-s-triazine ring at 
temperatures around 370 °C accompanied by the release of gaseous by-products like CO2, 
NH3, and HNCO. Hence, future work will focus on pyrolysis under elevated pressure (for 
example in an autoclave under ammonothermal conditions or by using a high-pressure 
apparatus) according to le Chatelier’s principle to avoid the decomposition of the 
preorganized C–N–P motif. Furthermore, Ca[PO2(NH)3(CO)2]2 may also serve as a potential 
biomaterial being a water-soluble precursor for the synthesis of porous Ca(PO3)2, which 
serves as artificial bone graft.[34,35] 
  
 
Figure 7. TG (solid) and DTA (dotted) curves of Ca[PO2(NH)3(CO)2]2, 
(24.2 mg), recorded with a heating rate of 5 °C·min-1. 
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5.1.2.4 Experimental Section 
 
Syntheses 
Ammonium biuretooxophosphate was synthesized according to reference [12,13] from urea 
(Riedel-de Häen, 99.5%) and P2S5 (Fluka, 98%). 
Calcium biuretooxophosphate was obtained by ion exchange reaction in aqueous solution at 
room temperature. An aqueous solution of CaCl2·2H2O (75 mL, 22.3 g, 0.152 mol, Merck, 
99.5%) was poured onto a column containing 15 mL (ion exchange capacity: 76 mmol) of a 
strongly acidic ion exchange resin (Amberlyst 15, Fluka). After thoroughly washing the 
column with deionized water (3 L), NH4+-biuretooxophosphate (285.9 mg, 1.57 mmol) in 
water (20 mL) was poured onto the column. The eluate was collected and crystallized by 
evaporation of the solvent (212.7 mg, 73.6 %). Elemental analysis: N 22.71 (calcd. 22.83), C 
12.90 (calcd. 13.05), H 1.81 (calcd. 1.64), P 15.85 (calcd. 16.83), Ca 10.41 % (calcd. 10.89 
%). 1H NMR (400 MHz, D2O): δ = 9.6 ppm. 13C NMR (400 MHz, D2O): δ = 152.9 ppm. 31P 
NMR (400 MHz, D2O): δ = –9.6 ppm. 
X-ray Structure Determination  
Single-crystal X-ray diffraction data was collected at 173 K with a Kappa CCD diffractometer 
using monochromated Mo-Kα radiation (λ = 71.073 pm). The diffraction intensities were 
scaled using the SCALEPACK software package.[36] No additional adsorption correction was 
applied. The crystal structures were solved by direct methods using the software package 
SHELXS-97 and refined against F2 by applying the full-matrix least-squares method 
(SHELXL-97).[37–39] The hydrogen positions could be determined from difference Fourier 
syntheses and were refined isotropically using restraints for nitrogen–hydrogen distances. All 
non-hydrogen atoms were refined anisotropically. 
Crystallographic data (excluding structure factors) for the structure in this paper have been 
deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, 
Cambridge CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the 
depository number CCDC-857517 (Fax: +44-1223-336-033; E-Mail: deposit@-
ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk). 
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General Techniques 
Powder X-ray diffraction data was collected using capillaries with a Stoe STADI P 
diffractometer using Cu-Kα1 radiation with a germanium monochromator and a linear PSD 
detector. FTIR measurements were carried out with a Bruker IFS 66v/S spectrometer. Spectra 
of the sample were recorded in an evacuated cell at ambient conditions between 400 and 4000 
cm–1 after diluting the sample in a KBr pellet (2 mg sample, 300 mg KBr, hand press with 
press capacity 10 kN). Photoluminescence measurements were performed with a Photon 
Technology International (PTI) fluorescence system featuring a PTI 814 photomultiplier 
detector and a PTI A1010B xenon arc lamp driven by a PTI LPS-220B lamp power supply. 
Thermoanalytical measurements were performed in an inert atmosphere (helium) with a 
Thermoanalyzer TG-DTA92 (Setaram). The sample was heated in an alumina crucible from 
room temperature to 600 °C with a heating rate of 5 K·min–1. Elemental analyses for C, H and 
N were performed with the elemental analyzer systems Vario EL and Vario Micro (Elementar 
Analysensysteme GmbH). Ca and P quantification was performed by atomic emission 
spectrophotometry with inductively coupled plasma (ICP-AES) with a Varian-Vista 
simultaneous spectrometer. 
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5.2 N,N’-Bis(aminocarbonyl)phosphorodiamidates 
 
 
 Ammonothermal Synthesis of Alkali N,N′-
Bis(aminocarbonyl)phosphorodiamidates M[PO2(NHCONH2)2]  
(M = Na, K, Rb) 
 
Eva Wirnhier, Ruth Deborah Boller and Wolfgang Schnick 
 
published in: Eur. J. Inorg. Chem. 2012, 3296-3301, DOI: 10.1002/ejic.201200209 
Keywords: Ammonothermal synthesis; Alkali metals; High-pressure chemistry; X-ray 
diffraction; Thermal behavior 
Abstract: Compounds M[PO2(NHCONH2)2] with M = Na, K, and Rb, which are the salts of 
N,N′-bis(aminocarbonyl)phosphorodiamidic acid, were synthesized by ammonolysis of the 
corresponding alkali biuretooxophosphates M[PO2(NH)3(CO)2] (M = Na, K, Rb) at 350 °C 
and 120–150 bar in an autoclave. The structures were solved by single-crystal X-ray 
diffraction and exhibit 3D frameworks in which N,N′-bis(aminocarbonyl)phosphorodiamidate 
ions connect the corresponding alkali ions. The thermal behavior was investigated by 
combined thermogravimetric (TG) and differential thermal analysis (DTA) as well as 
temperature-dependent powder X-ray diffraction to evaluate applicability of the alkali N,N′-
bis(aminocarbonyl)phosphorodiamidates as precursors for the synthesis of CNP(O) networks. 
In this context, the concept of Le Chatelier's principle for the hindrance of premature 
decomposition by applying elevated pressure was examined 
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5.2.1 Introduction 
 
Hydrothermal reactions have long been known as a powerful approach for the synthesis of 
oxides and related compounds as well as the growth of extremely pure large single crystals 
(e.g., quartz crystals used as wafers, or zeolites).[1–3] In general, all solvothermal methods 
(hydrothermal, ammonothermal syntheses) use solvents heated above their boiling point at 
high vapor pressure (sometimes even beyond the critical point) to crystallize compounds with 
poor solubility and high melting point by chemical transport reactions. Whereas hydrothermal 
reactions in supercritical water are mainly used for the crystal growth of oxidic materials like 
SiO2, ZnO, CrO2, and zeolites, the ammonothermal method is particularly suitable for the 
growth of nitridic single crystals such as GaN.[4–9] As ammonia can react as a tribasic acid, 
not only nitridic materials arise from ammonothermal syntheses. A multitude of binary and 
ternary amides were synthesized by Jacobs et al. in the 1970s; they intensely investigated the 
behavior of inorganic compounds when applying supercritical ammonia.[10] Furthermore, 
these authors investigated the ammonolysis of P3N5, which results in the synthesis of 
diamidooxophosphates and trimetaphosphimates by addition of the corresponding alkali metal 
hydroxides.[11,12]  
The P3N3 ring found in the trimetaphosphimate anion (1a) as well as its CN-based analogue, 
the s-triazine ring found in cyanurate anions (1c) (Scheme 1), were proven to be building 
blocks of 2D and 3D network structures like poly(triazine imide)·LiCl/HCl[13–15] or the first 
two nitridic zeolites, oxonitridophosphate-1 (NPO) and oxonitridophosphate-2 (NPT).[16–18] 
 
Recently, biuretooxophosphates (1b) 
with a 1-phospha-2,4,6-s-triazine core, 
which are intermediates between 
cyanurates and trimetaphosphimates, 
were investigated with regards to their 
structure, spectroscopic properties, and 
thermal behavior in light of their 
possible applications as precursors.[19] Thermal treatment at temperatures >200 °C led to the 
 
Scheme 1. Trimetaphosphimate ion (1a), biuretooxo-
phosphate ion (1b) and s-triazine-based cyanurate ion (1c).  
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cleavage of the anionic ring accompanied by release of gaseous byproducts like HNCO and 
NH3. The replacement of C by P in an s-triazine core, maintaining its preferred (distorted) 
tetrahedral coordination, lowers the thermal stability of the biuretooxophosphates relative to 
the related class of cyanurates,[20] as stabilization from the π–π stacking found for planar s-
triazine cores is missing. Furthermore, the formation of corresponding stable metaphosphates 
(MPO3)x as decomposition products acts as a driving force for the comparatively low 
decomposition temperatures. With regards to the applicability of biuretooxophosphates as 
precursors for the synthesis of CNP(O) networks, pyrolysis needs to be conducted under 
elevated pressure to avoid the decomposition of the preorganized CNP motif according to Le 
Chatelier’s principle. In this context, investigations on the behavior of the alkali 
biuretooxophosphates in supercritical ammonia at high temperatures were performed. 
Ammonolysis of the biuretooxophosphates at 350 °C yielded alkali N,N’-
bis(aminocarbonyl)phosphorodiamidates M[PO2(NHCONH2)2] (M = Na, K, Rb), which are 
characterized thoroughly in this contribution in terms of their structural and spectroscopic 
properties as well as their thermal behavior. 
 
5.2.2 Results and Discussion 
 
The alkali N,N’-bis(aminocarbonyl)phosphorodiamidates M[PO2(NHCONH2)2] with M = Na 
(2a), K (2b), and Rb (2c) were synthesized by ammonolysis of the alkali biureto-
oxophosphates M[PO2(NH)3(CO)2] (M = Na, K, Rb) in an autoclave at 350 °C. Due to the 
generated autogenous pressure of about 120–150 bar, an elimination of gaseous byproducts as 
observed for the thermal treatment of biuretooxophosphates under ambient pressure was 
inhibited. Ring opening of the 
1-phospha-2,4,6-s-triazine 
core occurs by means of the 
nucleophilic attack of 
ammonia to the carbonyl 
group, thus leading to the 
formation of the symmetric N,N’-bis(aminocarbonyl)phosphorodiamidate anion (Scheme 2). 
At higher temperatures (>400 °C), the nucleophilic attack of two further molecules of 
 
Scheme 2. Mechanism of the ammonolysis of biuretooxophosphates. 
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ammonia leads to the cleavage of urea and the formation of NaPO2(NH2)2, which decomposes 
to NaHPO3NH2 in air. 
 
Crystal Structures 
The sodium salt of N,N’-bis(aminocarbonyl)phosphorodiamidic acid (2a) crystallizes in the 
monoclinic space group C2/c, and the isotypic potassium (2b) and rubidium (2c) salts in the 
orthorhombic space group Fdd2. Crystallographic data and details of the structure refinements 
for 2a, 2b, and 2c are summarized in Table 1. The comparison of simulated and experimental 
powder X-ray diffraction patterns of the bulk phases is shown in Figure S1 in the Supporting 
Information. In addition to phase purity, the diffractograms show that all reflections could be 
indexed with the known cell parameters, and their observed intensities were in good 
agreement with the calculated diffraction patterns based on single-crystal diffraction data. 
 
The title compounds exhibit three-dimensional framework structures in which N,N’-
bis(aminocarbonyl)phosphorodiamidate anions link the corresponding alkali ions. The anion 
provides four potential coordination sites (2 × C=O, 1 × PO2), which all participate in the 
coordination of the cations in 2a, 2b, and 2c. However, with the P atom maintaining its 
preferred (distorted) tetrahedral 
coordination and the resulting twisted 
conformation of the anion (Figure 1), 
a tetradentate coordination of the 
cations is excluded. For 2a, the 
sodium cation is coordinated by six 
anions that act as monodentate 
ligands. By means of the bridging 
function of the µ2-carbonyl groups in 
the a,c plane, this sixfold 
coordination of the cations configures 
edge-sharing regular octahedrons, therefore leading to the formation of 1D strands along the c 
axis (Figure 2). Additionally, the octahedrons are connected through the PO2 groups of N,N’- 
 
Figure 1. View of the N,N’-bis(aminocarbonyl)phosphoro-
diamidate anion (2a) showing 50% probability displacement 
ellipsoids. Hydrogen atoms are drawn as small circles of 
arbitrary size. 
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Table 1. Crystallographic data and details of the structure refinement for 2a, 2b and 2c. 
[a] w = [σ2(F02) + (0.0274P)2 + 0.7971P]-1, [b] w = [σ2(F02) + (0.0528P)2 + 0.6972P]-1, [c] w = [σ2(F02) + (0.0489P)2 + 17.6549P]-1,  for all 
with P = (F02 + 2 Fc2)/3. 
 
bis(aminocarbonyl)phosphorodiamidate anions, which bridge by turns the remaining two 
axial vertices of the octahedrons. To complete the coordination sphere of the cations in 2b and 
2c, which resembles the diamond structure, seven N,N’-bis(aminocarbonyl)phosphoro-
diamidate anions are necessary, the latter acting as bidentate ligands for one cation at a time 
with their PO2 group. An eightfold coordination of the cations appears, thus forming irregular 
polyhedrons that significantly resemble distorted cubes. Each polyhedron is built from four 
 2a 2b 2c 
Empirical formula C2H6N4NaO4P C2H6KN4O4P C2H6N4O4PRb 
Formula mass [g mol-1] 204.07  220.18 266.55 
Crystal system monoclinic orthorhombic orthorhombic 
Space group C2/c (no. 15) Fdd2 (no. 43) Fdd2 (no. 43) 
T /K 293 173 293 
Diffractometer Nonius Kappa-CCD Oxford SapphireCCD Nonius Kappa-CCD 
Radiation, λ [pm] Mo-Kα, 71.073 Mo-Kα, 71.073 Mo-Kα, 71.073 
a [pm] 875.2(2) 1037.0(2) 1272.6(6) 
b [pm] 1191.2(2) 1270.7(6) 1058.6(2) 
c [pm] 700.6(1) 1110.3(2) 1127.0(2)  
β [°] 103.68(3) 90 90 
V [106 pm3] 709.7(2) 1463.1(8) 1518.3(5) 
Z 4 8 8 
Dcalcd. [g cm-3] 1.910 1.999 2.332 
Crystal size [mm3] 0.20 x 0.20 x 0.13 0.25  x 0.20 x 0.08 0.34 x 0.30 x 0.27 
µ [mm-1] 0.429 0.927 6.716 
F(000) 416 896 1040 
Absorption correction none multi-scan multi-scan 
Min. / max. transmission - 0.6765 / 1.0000 0.2356 / 0.4145 
Diffraction range [°]  3.42 ≤ θ ≤ 30.03 4.88 ≤ θ ≤ 30.49 4.83 ≤ θ ≤ 27.45 
Index range -12 ≤ h ≤ 12,  
-16 ≤ k ≤ 16 
-9 ≤ l ≤ 9 
-10 ≤ h ≤ 14, 
 -18 ≤ k ≤ 17 
 -15 ≤ l ≤ 15 
-16 ≤ h ≤ 16, 
 -13 ≤ k ≤ 13 
 -14 ≤ l ≤ 14 
Parameters / restraints 69 / 3 61 / 2 57 / 1 
Total no. of reflections 3466 3150 6382 
No. of independent reflections 1041 1056 803 
No. of observed reflections 987 1011 791 
Min./max. residual electron density  
[e 10-6 pm-3]  
-0.312 / 0.312  
 
-0.423 / 0.320  
 
-0.670/ 0.459  
 
GoF 1.049  1.107  1.035  
Final R indices [I > 2σ(I)] R1 = 0.0251,  
wR2 = 0.0650[a] 
R1 = 0.0294,  
wR2 = 0.0848[b] 
R1 = 0.0341,  
wR2 = 0.1010[c] 
Final R indices (all data) R1 = 0.0265,  
wR2 = 0.0663[a] 
R1 = 0.0313,  
wR2 = 0.0869[b] 
R1 = 0.0347,  
wR2 = 0.1016[c] 
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oxygen atoms from a carbonyl group and four oxygen atoms from a PO2 group. With both 
oxygen species having a µ2-bridging function a new and rather dense 3D motif that comprises 
interpenetrating zweier chains 
formed by edge-sharing RbO8 
polyhedrons is formed (Figure 
3). The chains run in [011] and 
[011¯] direction with each 
polyhedron being part of both 
chains and sharing four edges 
with neighboring polyhedrons 
in two directions. The motif of 
edge-sharing cubelike poly-
hedrons has hitherto only been 
known in layered structures 
like EuKNaTaO5[21] with four parallel edges shared in EuO8 cubes or for structures that 
contain trigonal units of triply edge-sharing cubes in three directions like Li24[MnN3]3N2 with 
NMnLi7 cubes.[22] 
The framework structures 
of 2a, 2b and 2c are 
complemented by the 
formation of H-bonding 
networks interconnecting 
the N,N’-bis(aminocarbo-
nyl)phosphorodiamidate 
anions. Both NH and NH2 
groups are acting as 
donors, forming NH···O 
bonds with the oxygen 
atoms of the carbonyl and the phosphate group. With distances N···O of 290–299 ppm the H-
bonds in 2b and 2c are slightly shorter than in 2a (303–316 pm), thus causing a denser 
network. The interatomic P–O, P–N, C–O, and C–N distances (Table 2) are nearly the same in 
2a, 2b, and 2c and do not differ significantly from the bond lengths in the corresponding 
Figure 3. Crystal structure of 2c showing a 3D framework of edgesharing 
RbO8 polyhedrons interconnected by N,N’-bis(aminocarbonyl)phosphoro-
diamidate anions. Interpenetrating zweier chains run in [011] and [011¯] 
direction (exemplarily highlighted in dark gray on the right side). 
Figure 2. Crystal structure of 2a, showing 1D strands of edge-sharing 
NaO6 octahedrons along the c axis interconnected by N,N’-
bis(aminocarbonyl)phosphorodiamidate anions. 
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biuretooxophosphates. Due to the ring opening, the N–P–N angles are larger than for 
biuretooxophosphates and approach the ideal tetrahedral angle of 109.47° as do the O–P–N 
angles. Only the O–P–O angles cause a slight distortion of the PO2N2 tetrahedrons. The M–O 
distances are comparable with the ones found for biuretooxophosphates and in accordance 
with the sum of the ionic radii.[23] 
 
FTIR Spectroscopy 
The FTIR spectra of 2a, 2b, and 2c are displayed in Figure 4; an assignment of the bands is 
given in Table 3. Strong absorption occurs in the N–H stretching region (3450–3200 cm–1) 
due to the presence of NH and NH2 groups in the N,N’-bis(aminocarbonyl)phosphoro-
diamidate anion. In comparison 
with urea and biuret, the two 
bands at higher wavenumbers 
are assigned to NH2 groups, 
whereas the band at around 3200 
cm–1 that is clearly visible only 
for 2b and 2c results from the 
NH groups. The difference 
between the spectra arises 
probably from a different 
hydrogen-bonding network with 
both NH and NH2 groups acting  Figure 4. FTIR spectra of 2a, 2b, and 2c. 
Table 2. Selected interatomic distances [pm] and angles [°] in 2a, 2b and 2c. 
 2a 2b 2c 
M-O 233.2(1), 239.9(1), 
248.2(1) 
282.8(2), 296.9(2), 301.4(2), 
308.1(2) 
291.3(3), 301.6(4), 305.0(4), 
316.2(5) 
P-O 148.6(1) 149.4(4) 149.3(4) 
P-N   168.8(1) 169.1(2) 169.3(4) 
C-O 124.4(1) 124.8(3) 124.5(6) 
C-N 133.9(2), 137.0(2) 133.9(3), 137.2(3) 134.4(6), 136.9(6) 
O-P-O 122.69(5) 120.77(9) 120.97(21) 
N-P-N 105.39(5) 106.34(9) 105.86(20) 
O-P-N 104.71(5), 109.11(5) 104.99(9), 109.50(9) 105.37(20), 109.20(20) 
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as donor. Bending and wagging 
modes of NH and NH2 groups are 
also assigned in Table 3 and cause 
strong absorption in the fingerprint 
region. As for urea, C=O and C–N 
stretching vibrations are visible at 
1600 cm–1 and around 1450 to 
1420 cm–1. Strong absorption is 
also observed for the symmetric 
and asymmetric PO2 stretching 
vibrations (1080–1050 cm–1 and 
1250–1230 cm–1). 
 
 
Thermal Behavior 
The thermal behavior of 2a–c was examined by means of combined thermogravimetric (TG) 
and differential thermal analysis (DTA) (Figure S1 in the Supporting Information) and 
temperature-dependent powder X-ray diffraction. The alkali N,N’-bis(aminocarbonyl)phos-
phorodiamidates are stable up to 150 (2a and 2b) and 250 °C (2c), respectively. For 2c the 
decomposition process is initiated by the elimination of formamide HCONH2, accompanied 
by a strong endothermic signal (mass loss observed: 17.4%, calculated: 16.9 %). The TG 
curves of 2a and 2b show a slow mass loss starting at 150 °C due to a partial transformation 
of 2a and 2b into the corresponding biuretooxophosphates (proven by temperature-dependent 
powder X-ray diffraction) associated with the elimination of ammonia. At 250 and 226 °C, 
complete decomposition starts, accompanied by a mass loss of 14.5 (2a) and 15.5% (2b), 
respectively, probably due to the elimination of formamide from residual N,N’-
bis(aminocarbonyl)phosphorodiamidate ions. At higher temperatures a continuous mass loss 
is observed, which leads to the formation of the corresponding metaphosphates (MPO3)x. 
 
Table 3. Vibrational frequencies [cm-1] observed in the FTIR 
spectra of 2a, 2b and 2c with assignment. 
Urea[24] 2a 2b 2c  
3447 3420 (vs) 3420 (vs) 3414 (vs) ν(NH2)  
3347 3315 (vs) 3277 (s) 3286 (s) ν(NH2) 
  3193 (vs) 3205 (vs) ν(NH) 
 2760 (vw) 2791 (w) 2786 (w) ν(N-H···O) 
1683 1678 (vs) 1693 (vs) 1691 (vs) δ(NH2)  
1631 1613 (vs) 1642 (vs) 1643 (vs) δ(NH2)  
1603 1571 (vs) 1598 (vs) 1597 (vs) ν(C=O)  
1468 1444 (vs) 1426 (vs) 1422 (vs) ν(C-N)  
 1395 (vs)   δ(NH) 
 1252 (vs) 1230 (s) 1233 (s) νas(PO2)  
1166    ρ(NH2)  
 1078 (vs) 1060 (s) 1058 (s) νs(PO2) 
1061 1033 (vs) 1038 (vs) 1034 (vs) ρ(NH2)  
 866 (s) 870 (m) 866 (m) ν(P-NH)  
 785 (m) 798 (w) 798 (w) ω(NH)  
  780 (w) 779 (w) ω(NH)  
 618 (vs) 613 (s) 611 (s) δ(PO2) 
 568 (vs) 550 (vs) 549 (vs) δ(C=O)/ ν(MO) 
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5.2.3 Conclusion 
 
In this contribution we have reported the first investigation of the behavior of CNP-based 
compounds under ammonothermal conditions. By means of ammonolysis of thealkali 
biuretooxophosphates at temperatures >350 °C, the alkali N,N’-bis(aminocarbonyl)-
phosphorodiamidates M[PO2(NHCONH2)2] with M = Na, K, and Rb were prepared. 
Structural investigations based on single-crystal X-ray diffraction data showed the formation 
of 3D frameworks in which N,N’-bis(aminocarbonyl)phosphorodiamidate anions link the 
corresponding alkali ions. A new 3D motif that comprised interpenetrating zweier chains 
formed by edge-sharing MO8 polyhedrons was observed for M = K, Rb. Temperature-
dependent powder X-ray diffraction analysis as well as combined DTA/TG measurements 
showed a low thermal stability of the title compounds up to 150 °C at ambient conditions 
compared to the synthesis temperature of 350 °C at 120–150 bar. Accordingly, the reaction 
behavior is in accordance with Le Chatelier’s principle, because the breakup of the 
biuretooxophosphate ring next to the P atom and the release of the residual ring in the form of 
gaseous C/N/O/H-containing byproducts could be shifted to higher temperatures under 
elevated pressure. Further investigations will focus on the pyrolysis of appropriate CNPO 
precursors like biuretooxophosphates and alkali N,N’-bis(aminocarbonyl)phosphoro-
diamidates under higher pressure, for instance, by using the multianvil technique to enable the 
synthesis of well-defined CNP(O) networks. 
 
5.2.4 Experimental Section 
 
Syntheses 
The title compounds 2a, 2b, and 2c were synthesized by reaction of the corresponding 
biuretooxophosphates M[PO2(NH)3(CO)2]·xH2O (x = 0/0/0.5) with liquid ammonia in a high-
pressure vessel. The starting material was introduced into a Parr autoclave (Type 4740CH) 
with a Parr gage block (Type 4316) and connected to a vacuum/inert gas line. After 
evacuation of the vessel, a sufficient amount of ammonia was condensed by cooling the vessel 
to –80 °C. The vessel was closed and slowly warmed to room temperature, then heated to 
350 °C in two steps (at 2 °C·min–1 to 200 °C, then at 1 °C·min–1 to 350 °C). A pressure of 
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120–150 bar was observed during the reaction. After 60 h, the vessel was cooled to room 
temperature at 1 °C·min–1, and the residual pressure was released by carefully opening the 
valve of the gage block. The product (quantitative yield) was obtained as finely dispersed 
white powder. Single crystals were grown by recrystallization from water. 
 
Compound 2a: calcd. C 11.77, H 2.96, N 27.46, Na 11.27, P 15.18; found, C 11.30, H 2.96 N 
26.57, Na 11.72, P 15.24. Compound 2b: calcd. C 10.91, H 2.75, K 17.76, N 25.45, P 14.07; 
found C 10.74, H 3.32, K 14.26, N 27.01, P 14.36. Compound 2c: calcd. C 9.01, H 2.27, N 
21.02, P 11.62, Rb 32.07; found C 8.47, H 2.42, N 20.8, P 11.57, Rb 28.8.  
 
1H NMR (270 MHz, D2O; 2a–2c): δ = 6.3 (s, 2 H, NH2), 9.7 (s, 2 H, NH). 13C NMR (67.9 
MHz, D2O; 2a–2c): δ = 159.7 ppm. 31P NMR (109 MHz, D2O; 2a–2c): δ = –9.2 ppm. 
X-ray Structure Determination 
Single-crystal X-ray diffraction data for compounds 2a and 2c were collected at 293 K with a 
Kappa CCD diffractometer by using monochromated Mo-Kα radiation (λ = 71.073 pm). The 
diffraction intensities were scaled by using the SCALEPACK software package.[25] For 2a no 
additional adsorption correction was applied, whereas for 2c an absorption correction was 
performed by using the program SADABS.[26] Single-crystal X-ray diffraction data for 
compound 2b were collected at 173 K with an Oxford XCalibur3 diffractometer by using an 
enhanced optic with Mo-Kα radiation (λ = 71.073 pm). Data collection and reduction were 
carried out by using the CrysAlisPro software package.[27] An absorption correction was 
performed by using the program SCALE3 ABSPACK.[28] The crystal structures were solved 
by direct methods using the software package SHELXS-97 and refined against F2 by applying 
the full-matrix least-squares method (SHELXL-97).[29–31] The hydrogen positions could be 
determined from difference Fourier syntheses and were refined isotropically by using 
restraints for N–H distances. All non-hydrogen atoms were refined anisotropically. Further 
details of the crystal structure investigation may be obtained from Fachinformationszentrum 
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-7247-808-666; E-mail: 
crysdata@fiz-karlsruhe.de, http://www.fiz-karlsruhe.de/request_for_deposited_data.html) on 
quoting the depository numbers CSD-424129 (for 2a), -424131 (for 2b) and -424130 (for 2c), 
respectively. Powder X-ray diffraction data were collected with a Stoe STADI P 
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diffractometer by using Cu-Kα1 radiation. In addition to phase purity, the diffractograms show 
that all reflections could be indexed with the known cell parameters, and their observed 
intensities were in very good agreement with the calculated diffraction patterns based on 
single-crystal data. 
General Techniques  
FTIR measurements were carried out with a Bruker IFS 66v/S spectrometer. Spectra of the 
samples were recorded in an evacuated cell at ambient conditions between 400 and 4000 cm–1 
after diluting the samples in KBr pellets (2 mg sample, 300 mg KBr, hand press with a 
pressure of 10 kN). Thermoanalytical measurements were carried out under He with a 
Thermoanalyzer TG-DTA92 (Setaram). The samples were heated in an alumina crucible from 
room temperature to 600 °C with a heating rate of 5 K·min–1. Elemental analyses for C, H, 
and N were performed with Vario EL and Vario Micro (Elementar Analysensysteme GmbH) 
elemental analyzer systems. Alkali metal and phosphorus quantification was performed by 
atomic emission spectrophotometry and inductively coupled plasma (ICP-AES) with a 
Varian-Vista simultaneous spectrometer. 
Supporting Information (see footnote on the first page of this article): Figure S1 with the 
experimental and simulated powder X-ray diffraction patterns for 2a–c, and Figure S2 with 
the DTA/TG curves of 2a–2c. 
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6.  Discussion and Outlook  
 
6.1 On the Formation and Solvothermal Treatment of Melam 
 
Since the first pioneering investigations by Liebig in 1834 who reported on the synthesis of 
melamine, melam, melem, ammeline and ammelide by pyrolysis of ammonium thiocyanate, 
questions on the existence and structure of melam have occupied researchers for one and a 
half century.[1] Not until 2007 these questions were answered by the determination of melam’s 
structure by single-crystal X-ray diffraction.[2] However, marginal yields as well as the low 
solubility of this molecule spoiled further efforts to extend melam chemistry.  
As melam is regarded a very short-lived and highly reactive intermediate in the condensation 
process of melamin to melem and only achievable in a narrow temperature and time range as 
by-product of other condensation intermediates, this thesis developed the idea of slowing 
down condensation rates by applying elevated ammonia pressure. According to Le Chatelier’s 
principle, the raise of pressure shifted the equilibrium to the reactant side (Scheme 1), 
allowing for the isolation of nearly phase-pure bulk melam from reactions of dicyandiamide at 
450 °C and 0.2 MPa ammonia pressure (4-5 days). 
 
Together with the synthesis of melam-melem adduct phase(s) at longer reaction times of 9-12 
days, which allowed insights into the condensation process from melam to melem for the first 
 
Scheme 1. Condensation of melamine to melam and melem by elimination of ammonia. 
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time, the formation of melam can be regarded as a “proof of principle” of this synthesis 
strategy. By a very carefully adjustment of reaction conditions, also the synthesis of further 
melam-melem adduct phases is conceivable. The use of elevated ammonia pressure may as 
well permit investigations on the condensation process from melem to melon if reactions are 
conducted at higher temperatures. However, special autoclaves with maximal operation 
temperatures of > 500 °C are needed for these reactions as the condensation of melem to 
melon occurs not until ~ 620 °C in ampoules.[3]  
For closer insights into the nature of the herein presented melam-melem adduct phase(s) 
regarding quantity, composition and structure, local methods like advanced solid-state NMR 
spectroscopy or TEM investigations will be the methods of choice, though being very time-
intense. First attempts to solve the structure of the adduct phase(s) by ADT measurements in 
cooperation with Tobias Rosenthal (LMU Munich) and Dr. Tatiana Gorelik (University of 
Mainz) yielded a large unknown unit cell with the parameters  a = 18.97, b = 4.53, c = 21.57 
and β = 105°. By evaluating symmetry operations and extinctions, the space group P21/c was 
determined. Further investigations are in progress. 
Due to the low solubility of melam in common solvents, melam chemistry was so far nearly 
completely restricted to solid-state syntheses. Except for melamium diperchlorate 
(C6N11H11(ClO4)2·2H2O), a salt that was synthesized by reaction of melam with HClO4 in 
solution,[2] all residual completely characterized melam compounds (two melamium adducts 
(C6N11H10Cl·0.5NH4Cl, C6N11H10SCN·2C3N3(NH2)3)[4] and the complex Zn[C6N11H9]Cl2)[2] 
were formed in ampoule reactions. However, as the synthesis of crystalline melam hydrate 
(C6N11H9·2H2O) - which was so far only accessible as polycrystalline multiphased com-
pound - has proven, the solubility of melam can be improved by hydrothermal conditions 
using an autoclave. Hence, new pathways for melam chemistry have developed. Both 
investigations on the acid-base-behavior of melam according to similar investigations on 
melem[5,6] as well as the synthesis of coordination networks by reaction with transition metals 
in solution are feasible, extending the knowledge about this historically compound.  
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6.2 Polytriazine Imide – Structure and Properties  
 
The synthesis and characterization of PTI/LiCl has enlarged the rather small field of well-
defined carbon nitride networks by its so far most crystalline representative. By ionothermal 
synthesis in a LiCl/KCl salt melt the well-known issue of rapid condensation leading to 
amorphous products has been overcome, therefore allowing for an ab initio structure solution 
for PTI/LiCl from powder and electron diffraction for the first time in polymeric carbon 
nitride chemistry. Furthermore, the incorporation of Li+ and Cl- ions in channel-like voids is 
influential for increased crystallinity and should probably allow for a variation of the network 
for example by ion exchange or by the utilization of other salt melts. However, the 
insolubility of PTI/LiCl in all 
common solvents impedes any 
ion exchange reaction by 
solution chemistry. By reacting 
dicyandiamide in other salt 
melts (containing NaCl, KCl, 
ZnCl2 e.g.), only the formation 
of amorphous products is 
observed, probably due to the 
small diameter of the voids 
(254 pm, cf. Figure 1) which 
allows only for the incor-
poration of very small cations 
like Li+ or H+. Despite the 
insolubility of PTI/LiCl, soxhlet 
extraction with water enabled 
the successive extraction of Li+ 
and Cl- ions while keeping the 
structure of this carbon nitride imide polymer intact. Furthermore, samples with HCl 
incorporation and a different stacking order of the poly(triazine imide) network were 
presented by McMillan et al.[7,8] Hence, these modification of PTI/LiCl enable both 
 
Figure 1: Space-filling model of PTI/LiCl, showing a small diameter 
of the voids of 254 pm after subtraction of the van der Waals radii.  
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investigations on the properties of these crystalline networks as well as their structural 
correlations.  
Further examination of the structure of PTI/LiCl points out to the existence of Li+/H+ disorder 
phenomena regarding the occupation of the voids. Appropriate Li-N and Li-Cl distances as 
well as a difference Fourier synthesis were taken into account to localize Li+ ions; however, 
an exact determination of the Li+ positions by Rietveld refinement turned out to be difficult 
due to the elusive nature of Li. By yielding a ratio Ntert/NH of 3.6:1 and an increased Li 
content, both elemental analysis and solid-state NMR investigations indicate partial 
deprotonation of the bridging imide units and substitution of H+ with Li+, resulting in the 
empirical formula of [(C3N3)2(NHxLi1-x)3·LiCl]. For a more detailed description of the 
disorder, theoretical calculations and elaborated solid-state NMR investigations may serve, 
the latter probing the short-range order and the local environment of parts of the structure. Via 
REDOR (rotational echo double resonance) and REAPDOR (rotational echo adiabatic 
passage double resonance) measurements the strength of heteronuclear dipolar couplings can 
be examined, yielding for instance H-H, H-Li or N-Li distances which facilitate the evaluation 
of various theoretical models.  
Band gap measurements for PTI/LiCl and samples with reduced LiCl content were conducted 
by means of X-ray absorption/emission spectroscopy (XAS/XES) on bulk samples and by 
valence electron energy loss spectroscopy (VEELS). They show strong dependence on the 
LiCl content and the band gap ranges from 2.2 eV to 2.9 eV by gradually reducing the amount 
of LiCl incorporated, explicable by theoretical calculations on the band structure. They show 
hybridization of the N 2p and Cl 2p states as well as a strong influence of the charge density 
of the hydrogen-stripped imide sites below the top of the valence band which change the N 2p 
 N/C 2p transition determining the band gap. With the combination of local and bulk 
experimental methods on the one side and theoretical calculations on the other side a pool of 
methods has now been established which allows for a very exact (and explainable) 
determination of the band gap and the electronic structure and could now be transferred to 
other graphite-type carbon nitride networks like melon[3] or PTI/HCl.[7,8]  
Hence, with a tunable band gap, PTI(/LiCl) represents a promising organic semiconductor 
with high thermal and electrochemical stability, therefore being an auspicious candidate for 
photocatalytic activity not only towards water splitting. Furthermore, due to its continuous 2D 
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connectivity and the absence of strong interlayer forces a graphite- (and graphene?) like 
chemistry may be expected. Both for further investigations on various properties of PTI/LiCl 
(conductivity, HOMO/LUMO level) as well as for possible (opto-)electronical applications as 
coatings, membranes or sensors the processability of this compound needs to be extended. 
The deposition of thin films is advantageous in many respects and may be accessible by 
various spin, dip or spray coating methods or by layer-by-layer (LbL) deposition.  
 
6.3 Phosphorus-doped Carbon Nitride Precursors  
 
Since the first use of carbon nitride type materials as metal-free heterogeneous catalysts in 
2006,[9,10] this class of compounds has attracted much attention owing to medium-bandgap 
semiconducting properties leading to a high efficiency in photocatalytical applications. As 
chemical doping is regarded as a capable strategy for tuning physicochemical properties of the 
mother compounds, several attempts to improve the attributes of carbon nitrides by 
introducing sulfur,[11] boron,[12] fluorine[13] and phosphorus have been reported.[14] Although 
no structure elucidation is given for these examples, structure models based on s-heptazine 
units with single nitrogen or carbon atoms replaced by foreign atoms are proposed for these 
compounds, which were synthesized by copolymerization or post-functionalization of carbon 
nitride networks. 
Within this thesis, another approach towards phosphorus-doped carbon nitride materials was 
persecuted. As the intermediates melamine and melem as well as the final condensation 
product melon are very stable thermodynamical drains in the condensation process to carbon 
nitrides, the synthesis of well-defined C/N/P-networks by a targeted exchange of several 
atoms by the methods outlined above seems rather improbable. By contrast, precursor 
molecules exhibiting the 1-phospha-2,4,6-s-triazine core are promising candidates for the 
synthesis of crystalline networks and were examined regarding functionalization and thermal 
behavior. With the phosphorus atom embedded in the s-triazine ring (“endocyclic doping”), 
the synthesis of well-defined networks with evenly distributed phosphorus according to the 
synthesis of “pure” C/N/H polymers was considered meaningful.  
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With the alkali and alkaline earth biuretooxophosphates presented in Chapter 5, a first class of 
compounds consisting of an 1-phospha-2,4,6-s-triazine core was examined with regards to 
their applicability as precursors for the synthesis of well-defined C/N/P/(O) networks. Being 
intermediates between carbon nitride and phosphorus nitride precursors (cyanurates and 
trimetaphosphimates), investigations on the thermal treatment of these precursors yielded 
valuable information on the stability of C/N/P/(O) compounds. At ambient conditions, 
biuretooxophosphates were proven to be stable up to at most 375 °C before decomposing into 
the corresponding metaphosphates (MPO3)x, indicating a breakup of the ring next to the 
phosphorus atom. The residual ring components are released in form of gaseous byproducts 
like CO2, HNCO and NH3. Hence, regarding the stability of the generated phosphates and 
byproducts, the formation of phosphorus-doped carbon nitride networks by condensation (or 
copolymerization) reactions under ambient conditions and in air can rather be excluded. 
However, especially the formation of gaseous byproducts leads to the assumption that – 
according to Le Chatelier’s principle – the use of elevated pressure may be the method of 
choice to impede the decomposition of the preorganized CNP ring at higher temperatures 
which are necessary for the formation of networks. The same also applies for a second class 
of precursors, the N,N’-bis(aminocarbonyl)-phosphorodiamidates which were synthesized by 
ammonolysis of the corresponding biuretooxophosphates and decompose to metaphosphates 
at elevated temperatures as well.  
Reactions under elevated pressure can be realized by various methods. One way are 
solvothermal syntheses by the usage of supercritical fluids combined with autoclave 
technique. Established solvents are water, carbon dioxide or ammonia, the latter one leading 
to the formation of the N,N’-bis(aminocarbonyl)-phosphorodiamidates by high-temperature 
treatment of the biuretooxophosphates as presented in Chapter 5.2. Good solvating properties 
and a low viscosity are important advantages provided by supercritical fluids, probably 
leading to the formation of more new interesting and crystalline C/N/P/(O) compounds. For 
the synthesis of networks, however, reaction temperatures achievable in autoclaves are not 
high enough. Most commercialized autoclaves are designed for temperatures up to 300 °C; a 
maximum temperature of 500 °C is accessible for the autoclaves used in this work. Although 
amorphous carbon nitride networks are already formed at 500 °C in open systems, even the 
ammonia partial pressure arising from condensation reactions in ampoules increases the 
temperature necessary for the formation of networks
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autoclaves is much higher than in ampoules, temperatures significantly above 600 °C are 
probably needed for the formation of networks in autoclave reactions.  
Another method to achieve high pressure and high temperature conditions simultaneously is 
the multianvil technique. Pressure is generated mechanically, thus excluding reactions of the 
precursor with the solvent. First attempts in a low pressure range (up to 5 GPa) indicate that 
the stability of the formed phosphates may be the crucial factor impeding the formation of 
C/N/P/(O) networks. A comparison of the binding energies of P-O and P-N bonds[15] leads to 
the assumption, that a precursor consisting only of the elements C, N, P (and H) may rather 
enable the formation of a stable C/N/P network than a oxygen containing one. Keeping the 
idea of the 1-phospha-2,4,6-s-triazine core being the most promising candidate for the 
formation of such networks, a probably very convenient precursor for this approach is, in 
analogy with melamine for the 
synthesis of carbon nitride 
networks, 1,1,3,5 tetraamino-
1-phospha-2,4,6-s-triazine 
(Scheme 1).  
According to database re-
search, this compound has  not 
been synthesized yet. First 
attempts to prepare this 
precursor by reaction of 
1,1,3,5 tetrachloro-1-phospha-
2,4,6-s-triazine with ammonia 
(according to the synthesis of hexaaminocyclotriphosphazene from hexachlorocyclotriphos-
phazene[16]) led to the decomposition of the CNP ring and spoiled therefore subsequent 
condensation reactions. However, further experiments adjusting reaction conditions or using 
other amination reagents should allow for the synthesis of this promising precursor and enable 
the preparation of crystalline C/N/P networks.   
 
Scheme 2. Top: synthesis of hexaaminocyclotriphosphazene from 
hexachlorocyclotriphosphazene by reaction with liquid ammonia in an 
autoclave according to [16]. Bottom: 1,1,3,5 tetrachloro-1-phospha-
2,4,6-s-triazine as possible starting material for the synthesis of 1,1,3,5 
tetraamino-1-phospha-2,4,6-s-triazine. 
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7.  Appendix 
 
7.1 Supporting Information 
 
7.1.1 Supporting information for Chapter 4.3 
 
Experimental Section  
Photocatalysis.  1 mg mL-1 aqueous solutions of carbon nitride catalyst were prepared and 
dispersed with an ultrasonic bath for 30 min. Triethanolamine (TEoA) was used as a 
sacrificial electron donor and H2PtCl6 (8 wt% in H2O) was used as the Pt co-catalyst precursor 
which was photo-reduced during the reaction. Suspensions with 10 vol% TEoA and 6 µL 
H2PtCl6 (2.3 wt% Pt) were illuminated in 24 mL glass vials in an argon atmosphere with 
PTFE/Teflon septa. Samples were side-illuminated with a 300 W Xenon lamp with a water 
filter and dichroic mirror blocking wavelengths < 420 nm. The evolved gas was measured by 
gas chromatography with an online injection system and using a thermal conductivity detector 
with argon as carrier gas.   
 
Synthesis of PTI/Li+Cl- according to Wirnhier et al.[S1,S2]  Dicyandiamide (0.20 g, 2.38 mmol) 
and an eutectic mixture of lithium chloride (59.2 mol%, 0.90 g, 21.33 mmol) and potassium 
chloride (40.8 mol%, 1.01 g, 14.70 mmol) were ground together in a glovebox. The 
reactionmixture was transferred into a dried thick-walled silica glass tube (øext. 15 mm, øint. 11 
mm). The tube was placed in a vertical tube furnace and heated under atmospheric argon 
pressure at 6°C min-1 to 400°C. This temperature was held for 12 h and afterwards the sample 
was cooled to room temperature at 20°C min-1. After this procedure, the tube was evacuated 
and sealed at a length of 120 mm. In a second step the ampoule was placed in a vertical tube 
furnace and heated at 1°C min-1 to 600°C at which the sample was held for 24 h. After 
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cooling down to room temperature the ampoule was broken and the sample was isolated and 
washed with boiling water to remove residual salt. The resulting material PTI/Li+Cl− was 
obtained as a brown powder (80 mg, 50%). 
Synthesis of aPTI using a modified procedure reported by Wirnhier et al.[S1,S2] Dicyandiamide 
(1.00 g, 11.90 mmol) and an eutectic mixture of lithium chloride (59.2 mol%, 2.26 g, 53.56 
mmol) and potassium chloride (40.8 mol%, 2.74 g, 39.88 mmol) were ground together in a 
glovebox. The reaction mixture was transferred in open porcelain crucibles which were heated 
either in an argon-purged tube- or muffel furnace at 12°C min-1 to 400 – 600°C. The 
temperature was held for 6 h and afterwards the samples were cooled down to room 
temperature. The samples were isolated and washed with boiling water to remove residual 
salts. The resulting materials yielded beige (0.70 g, 88%) to yellow colored powders (0.30 g, 
38%). [a]  
Synthesis of doped amorphous PTI using a modified procedure reported by Wirnhier et 
al.[S1,S2] Dicyandiamide (0.50 g, 5.95 mmol), an eutectic mixture of lithium chloride (59.2 
mol%) and potassium chloride (40.8 mol%) and 4AP as doping agent (2, 8, 16, 32 or 64%) 
were ground and transferred in open porcelain crucibles, which were heated in a muffel 
furnace at 400 – 600°C for 6 hours. The syntheses yielded yellow (0.30 g, 75%) to dark 
orange colored products (0.16 g, 40%).[a]  
[a]
 Yields in percentage are based on crystalline PTI and can be considered as an approximate 
value.  
Synthesis of raw melon according to Sattler et al.[S3] A porcelain crucible was loaded with 
melamine (20 g) and covered with a porcelain lid. The crucible was placed in a muffle furnace 
and maintained at 490°C for 4 days. The product was ground to a powder and homogenized 
after the first day.  
Synthesis of “g-C3N4” according to Zhang et al.[S4] A porcelain crucible was loaded with 
dicyandiamide and heated in a muffle furnace at 600°C for 4 hours. The synthesis yielded a 
yellow colored powder. 
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Methods  
 X-ray powder diffraction. X-ray powder diffraction experiments were carried out on a Huber 
G670 diffractometer in Guinier geometry using Ge(111)-monochromatized Cu-Kα1-radiation 
(λ = 1.54051 Å). The specimen was ground in a mortar and evenly spread between two 
chemplexfoils (Breitlänger GmbH).  
IR-spectroscopy. FTIR spectra were recorded on a Perkin Elmer Spektrum BX II 
spectrometer with an attenuated total reflectance unit.  
NMR-spectroscopy. The 13C and 15N MAS NMR spectra were recorded at ambient 
temperature on an Avance 500 solid-state NMR spectrometer (Bruker) with an external 
magnetic field of 11.7 T, operating at frequencies of 500.1 MHz, 125.7 MHz and 50.7 MHz 
for 1H, 13C and 15N, respectively. The sample was contained in a 4 mm ZrO2 rotor which was 
mounted in a standard double resonance MAS probe (Bruker). The 13C and 15N chemical 
shifts were referenced relative to TMS and nitromethane.  
The 1H15N and 1H13C cross-polarization (CP) MAS spectra were recorded at a spinning speed 
of 10 kHz using a ramped-amplitude (RAMP) CP pulse on 1H, centered on the n = +1 
Hartmann-Hahn condition, with a nutation frequency νnut of 55 kHz (15N) and 40 kHz (13C). 
During a contact time of 7 ms the 1H RF field was linearly varied about 20%.   
The 15N cross polarization combined with polarization inversion (CPPI) NMR spectrum was 
recorded at a spinning frequency of 6 kHz using a contact time of 7 ms and an inversion time 
of 400 µs. Constant amplitude CP pulses were applied on 15N (νnut = 55 kHz) and 1H (νnut = 50 
kHz).  
In all 15N NMR experiments, a flip-back (FB)[S5] pulse was applied on 1H after the acquisition 
of the FID, so that the recycle delay becomes less dependent of the 1H T1 relaxation time. 1H 
continuous wave (CW) decoupling (ca 70 kHz RF field) was applied during the acquisition of 
the 15N signal. The recycle delay was set to 1.5 s. About 47500 and 121000 transients were 
accumulated for the CP and CPPI experiments, respectively.  
Diffuse reflectance measurements. Optical diffuse reflectance spectra were collected at room 
temperature with a UV/VIS diffuse reflectance spectrometer (Varian, Cary 500). Powders 
were prepared between two quartz discs at the edge of the integrating sphere with BaSO4 as 
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the optical standard. Absorption spectra were calculated from the reflectance data with the 
Kubelka-Munk function.  
TEM. HRTEM was performed with a Philips CM 30 ST microscope (LaB6 cathode, 300 kV, 
CS = 1.15 mm). Images were recorded with a CCD camera (Gatan) and Digital Micrograph 
3.6.1 (Gatan) was used as evaluation software. Chemical analyses (EDX) were performed 
with a Si/Li detector (Thermo Fisher, Noran System Seven).  
Adsorption measurements. Nitrogen adsorption measurements were performed at 77 K with 
an Autosorb iQ instrument (Quantachrome Instruments, Boynton Beach, Florida, USA). 
Samples were outgassed in vacuum at 300°C for 12 h. For BET calculations pressure ranges 
were chosen with the help of the BET Assistant in the ASiQwin software (version 2.0). In 
accordance with the ISO recommendations multipoint BET tags equal or below the maximum 
in V • (1 – P/P0) were chosen.  
Quantum efficiency.  The quantum efficiency was calculated according to QE% = (2×H)/P  × 
100/1, where H = number of evolved H2 molecules and P = incident number of photons on the 
sample. The incident light was measured with a thermopile power meter with a constant 
efficiency response across the visible spectrum. Wavelength specific hydrogen evolution was 
measured with 40 nm FWHM light filters (Thor labs) and with the same incident light and 
filter transmission efficiency for each filter.  
Elemental analysis. Elemental analysis of the elements C, H, N and S is accomplished by high 
temperature digestion coupled with dynamic gas components separation. The samples are 
burned explosively at 1150°C in a highly oxygenated helium atmosphere. The combustion 
products are CO2, H2O, H2, NO, NO2, SO2 and SO3. The detection of the gases is done by a 
thermal conductivity measurement cell. The accuracy is 0.30 %. Measurements were done on 
an Elementar vario EL. The determination of oxygen was done under inert conditions at high 
temperature (1200 – 1400°C).  
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Table S1. Elemental analysis of aPTI synthesized air (muffel) or inert atmosphere (Ar-tube) at 400 – 600°C 
compared to PTI/Li+Cl- and melon. The arrow indicates an increasing C/N atomic ratio. 
Sample Oven Temperature [°C] C [wt%] N [wt%] H [wt%] C/N/H C/N 
PTI/Li+Cl- tube 600 29.6 50.4 1.3 C3.0N4.4H1.6 0.68 
melon muffel 490 33.2 62.7 1.8 C3.0N4.9H1.9 0.62 
aPTI400°C muffel 400 26.9 46.6 2.8 C3.0N4.5H3.7 0.67 
aPTI450°C muffel 450 27.1 46.6 3.0 C3.0N4.4H4.0 0.68 
aPTI500°C muffel 500 24.7 41.9 2.5 C3.0N4.4H3.6 0.69 
aPTI550°C muffel 550 22.0 36.6 2.8 C3.0N4.3H4.6 0.70 
aPTI400°C Ar-tube 400 27.9 50.8 3.2 C3.0N4.7H4.1 0.64 
aPTI450°C Ar-tube 450 21.6 36.5 2.6 C3.0N4.3H4.3 0.69 
aPTI500°C Ar-tube 500 25.9 43.8 2.4 C3.0N4.4H3.3 0.69 
aPTI550°C Ar-tube 550 26.5 45.3 2.0 C3.0N4.4H2.7 0.68 
aPTI600°C Ar-tube 600 26.8 45.4 2.1 C3.0N4.4H2.8 0.69 
  
 
Table S2. Elemental analysis of aPTI_4AP synthesized at 400 – 600°C compared to PTI/Li+Cl- and melon. The 
arrows indicate an increasing C/N atomic ratio. 
Sample Temperature [°C] 4AP [%] C [wt%] N [wt%] H [wt%] C/N/H C/N 
PTI/Li+Cl- 600 0 29.6 50.4 1.3 C3.0N4.4H1.6 0.68 
melon 490 0 33.2 62.7 1.8 C3.0N4.9H1.9 0.62 
aPTI_4AP16% 400 16 28.7 46.7 2.6 C3.0N4.2H3.2 0.72 
aPTI_4AP16% 450 16 30.3 47.4 2.5 C3.0N4.0H3.0 0.74 
aPTI_4AP16% 500 16 29.8 46.3 2.4 C3.0N4.0H2.9 0.75 
aPTI_4AP16% 550 16 30.5 43.5 2.6 C3.0N3.7H3.1 0.82 
aPTI_4AP16%[a] 550 16 30.1 42.2 2.9 C3.0N3.6H3.5 0.83 
aPTI_4AP2% 550 2 29.2 49.0 2.4 C3.0N4.3H2.9 0.69 
aPTI_4AP8% 550 8 29.8 48.3 2.3 C3.0N4.2H2.8 0.72 
aPTI_4AP16% 550 16 30.5 43.5 2.6 C3.0N3.7H3.1 0.82 
aPTI_4AP32% 550 32 28.2 35.9 2.7 C3.0N3.3H3.4 0.92 
aPTI_4AP64% 550 64 35.5 36.8 2.6 C3.0N2.7H2.6 1.13 
[a] after illumination for 15 hours. 
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Figure S1. PXRD patterns of aPTI_4AP16% synthesized at 550°C, compared to crystalline PTI/Li+Cl-, aPTI500°C 
and melon. The reflections marked with an asterix are assigned to artifacts caused by the plastic sample holder. 
 
 
Figure S2. FTIR spectra of aPTI_4AP16% synthesized at 550°C before and after 15 h illumination, compared to 
crystalline PTI/Li+Cl−, aPTI500°C and melon. 
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Figure S3. FTIR spectra of aPTI synthesized at 400 – 600°C in 1) air and 2) inert atmosphere. 
 
 
Figure S4. FTIR spectra of aPTI_4AP16% synthesized at 400 – 600°C. 
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Figure S5. FTIR spectra of aPTI_4AP2-64% synthesized at 550°C. 
 
 
Figure S6. Left: 15N CP-MAS NMR spectrum of PTI/Li+Cl− (a) and a 15N CPPI experiment with attenuation of 
NHx signals (b). Right: 13C CP-MAS NMR spectra recorded with 0.5 ms contact time. 
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Figure S7. UV/Vis diffuse reflectance absorption spectra of aPTI synthesized at 400 – 600°C in 1) air  
and 2) inert atmosphere compared to crystalline PTI/Li+Cl-. 
 
 
Figure S8. UV/Vis diffuse reflectance absorption spectra of aPTI_4AP2-64% synthesized at 550°C. 
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Figure S9. UV/Vis diffuse reflectance absorption spectra of aPTI_4AP16% synthesized at 400 – 600°C. 
 
Figure S10. UV/Vis diffuse reflectance absorption spectra of aPTI_4AP16% synthesized at 550°C, compared to 
crystalline PTI/Li+Cl-, aPTI synthesized at 550°C and melon. 
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Figure S11. (1) A typical image of 2.3 wt% Pt-loaded aPTI_4AP after illumination for 3 h under visible light 
(λ> 420 nm), at higher magnification (top left) and its corresponding FFT (top right). The lattice planes 
correspond to elemental Pt. (2) The EDX spectrum of sample location 2 is shown below.  
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Synthesis of aPTI at elevated reaction temperatures (550 – 600°C) under inert atmosphere 
resulted in better photocatalytic activity of CNs than in air. On the other hand, synthesis at 
lower temperatures (400 – 500°C) in air resulted in marginally better photocatalytic activity 
compared to inert atmosphere conditions (Figure S12). 
 
 
Figure S12. Photocatalytic activity of aPTI synthesized at 400 – 600°C in air (muffle furnace)  
or argon atmosphere (tube furnace). 
 
 
 
 
 
 
 
 
 
 
 
Figure S13. Photocatalytic activity towards hydrogen production of aPTI_4AP16% synthesized at 400 – 600°C. 
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Figure S14. Photocatalytic activity towards hydrogen production of aPTI_4AP2 – 64% synthesized at 550°C. 
 
 
Figure S15. Steady rate of hydrogen production from water containing various electron donors (triethylamine, 
methanol, ethanol, triethanolamine TEoA; 10 vol%) under visible light (λ > 420 nm) by 2.3 wt% Pt-loaded 
aPTI_4AP16%. 
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7.1.2 Supporting information for Chapter 5.1 
 
 
 
Figure S1. Powder X-ray diffraction patterns (3a-e: Cu-Kα1, 3f: Mo-Kα1) of the alkali  
biuretooxophosphates 3a-f (top: experimental, bottom: simulated). 
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Figure S2. Photoluminescence spectra (dashed line: excitation, solid line: emission) of the alkali  
biuretooxophosphates 3a-f in solution (c = 2·10-3 mol·L-1, solvent: water). 
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Figure S3: TG (solid line) and DTA (dashed line) curves of the alkali biuretooxophosphates 3a (5.5 mg), 3b 
(18.1 mg), 3c (20.8 mg), 3d (18.6 mg), 3e (29.8 mg), and 3f (34.1 mg), recorded with a heating rate of 5 K·min-1. 
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7.1.3 Supporting Info for Chapter 5.2 
 
 
Figure S1. Powder X-ray diffraction patterns (Cu-Kα1) of 2a-c (top: experimental, bottom: simulated). 
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Figure S2. TG (solid line) and DTA (dashed line) curves of 2a (24.0 mg), 2b (28.7 mg), and 2c (18.3 mg), 
recorded with a heating rate of 5 K·min-1. 
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7.4 CSD and CCDC numbers 
 
Crystallographic data were deposited with the Cambridge Crystallographic Data Centre 
(CCDC, http://www.ccdc.cam.ac.uk/data_request/cif; 12 Union Road, Cambridge CB2 1EZ, 
UK (fax: +44-1223-336-033, e-Mail: deposit@ccdc.cam.ac.uk) or the Fachinformations-
zentrum Karlsruhe (76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666, e-
mail: crysdata@fiz-karlsruhe.de) and are available on quoting the respective CSD/CCDC 
depository numbers. 
 
 
C6N11H9·2H2O     CCDC-901046 
[(C3N3)2(NHxLi1-x)]·LiCl    CSD-422088 
Li[PO2(NH)3(CO)2]·H2O    CCDC-854273 
K[PO2(NH)3(CO)2]     CCDC-854274 
Rb[PO2(NH)3(CO)2]·0.5H2O    CCDC-854276 
Cs[PO2(NH)3(CO)2]     CCDC-854275 
Ca[PO2(NH)3(CO)2]2     CCDC-857517 
Na[PO2(NHCONH2)2]     CSD-424129 
K[PO2(NHCONH2)2]     CSD-424130 
Rb[PO2(NHCONH2)2]     CSD-424131 
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7.5 List of Abbreviations 
 
2D   two-dimensional  
4AP   4-amino-2,6-dihydroxypyrimidine 
Å   Ångström 
a.u.   arbitrary units 
calcd.   calculated 
CCD   charge coupled device 
CCDC   Crystallographic Data Centre 
cf.   confer 
CN   carbon nitride 
CP   cross polarization 
CPPI   cross-polarization with polarization inversion 
CSD   Cambridge Structural Database 
CVD   chemical vapor deposition 
DFT   density functional theory 
DOS   density of states 
DTA   differential thermal analysis 
EA   elemental analysis 
EELS   electron energy-loss spectroscopy 
e.g.   exempli gratia, for example 
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et al.   et alii, and others 
eV   electron volt 
Fc   calculated structure factor 
Fo   observed structure factor 
FT   Fourier transformation 
g-C3N4   graphitic C3N4 
GOF / GooF  goodness of fit 
h   hour 
HOMO  highest occupied molecule orbital 
ICP-AES  inductively coupled plasma – atomic emission spectroscopy 
IPDS   imaging plate diffraction system 
IR   infrared 
M   molar 
MAS   magic angle spinning 
NMR   nuclear magnetic resonance 
no.   number 
PTI/LiCl  poly(triazine imide) with LiCl interacalation 
PVD   physical vapor deposition 
Ref.   reference 
RXES   resonant X-ray emission spectroscopy 
TEM    transmission electron microscope 
TEoA   triethanolamine 
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TEY / TFY  total electron / fluorescence yield 
TG   thermogravimetry 
UV   ultra violet 
VEELS  valence electron energy-loss spectroscopy 
XANES  X-ray absorption near edge structure 
XAS / XES  X-ray absorption / emission spectroscopy 
XRD   X-ray diffraction 
Z   formula units per unit cell 
ZLP   zero-loss peak 
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